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A bstract
Biosensors are chemical sensors that use biological materials to detect the presence of the 
substance of interest. Optical methods to transduce the interaction between the analyte and 
the biological detection element are highly sensitive, non-invasive and are not subject to noise 
from electrical interference. Biosensors based on photonic devices such as lasers, optical fibres 
and photonic crystals offer the possibility of high sensitivity combined with small size, which 
is highly advantageous for in-the-field and remote applications.
In this thesis, the feasibility of using semiconductor lasers as miniature biosensors has been 
investigated. Semiconductor laser chips contain a light source and a waveguide. Modification 
of the laser structure should allow the guided modes inside the laser to interact with material 
on the surface of the chip, thereby making the mode effective index sensitive to changes in 
the refractive index of material at the surface. This is the basis of an evanescent field sensor.
Simulations have been carried out with the aim of finding an optimum structure for laser 
waveguides adapted for sensing purposes. Laser waveguides were modelled using RSoft Pho­
tonics CAD Suite and the BeamPROP simulation tool. For a ridge waveguide structure, two 
“windows” were placed either side of the ridge to form sensing areas. The optimum dimen­
sions of these windows, and the optimum ridge width, were found by finding the structure 
with maximum sensitivity of effective index to a change in the cover index.
A laser device was modified using focussed ion beam (FIB) milling to create sensing 
regions on the surface of the chip, in accordance with the computer model. The free spectral 
range (FSR) of the laser was measured before and after a polymer film was applied to the 
sensing regions of the chip, and a reproducible negative shift in the FSR was observed when 
the polymer was applied, indicating an increase in the effective index of the laser cavity. The 
sensitivity and detection limit (defined as the smallest measureable change in index of the 
sample) of the device were estimated as 1.5 x 10“  ^ and 0.15 respectively, although this could 
be improved significantly by measuring the heterodyne signal of two DFB lasers.
The refractive index a t a wavelength of A =  1550nm of spin-cast films of four different 
polymers have been measured by ellipsometry. These polymer films can now be used as 
standard test layers of known refractive indices for characterising the sensitivity of future 
laser-based biosensors.
Finally an investigation into a new type of biosensor surface has been carried out. Antibody- 
conjugated latex particles are embedded in a cellulose acetate membrane, forming a biolog­
ically active surface to which antigens can selectively bind, without the need for complex 
surface chemistry to attach the antibodies. The membranes should also be reuseable by selec­
tively dissolving the latex particles, and rebinding fresh particles into the imprints left in the 
membrane. It was found tha t the biological activity of the surface was difficult to preserve, 
but some selective rebinding of the latex particles into the imprinted membrane appeared to 
take place.
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Chapter 1
Background
1.1 In troduction
Biosensors are an excellent example of technology borrowing from nature. A biosensor is 
usually defined as a chemical sensor that incorporates some biological or biochemical agent 
acting as a selective sensing element. Since many forms of biological material have the ability 
to selectively identify one type of molecule from another, examples of the recognition element 
are diverse, Leland C. Clark is widely accredited as “the father of biosensors”, thanks to his 
development of an electrode that measures glucose concentration via the oxidation reaction 
catalysed by the enzyme glucose oxidase [1]. However, it appears [2] that earlier in his career, 
while pioneering a heart-lung machine for use during surgery, Clark would visually monitor 
oxygen levels of a patient’s blood and manually adjust the oxgenation to get precisely the 
right red colour. Since Clark’s presence as a visual oxygen “detector” was a vital part of the 
machine, it could be said that Clark himself was one of the first biosensors!
Modern biosensors generally require three elements: a biological material that selectively de­
tects the molecule or species of interest (sometimes referred to as the analyte); a transducer 
tha t converts the detection events into measurable signals, and a detector tha t measures these 
signals. Biosensors are now used for a multitude of detection applications, particularly where 
highly sensitive and selective techniques are required, and optical biosensors tha t use light to 
transduce the sensing event are of particular interest (see section 1.2.3).
The aim of this PhD project is to investigate the feasibility of creating miniature biosensor 
chips using semiconductor lasers. Lasers are a source of light with optical properties strongly 
dependent on the device structure, and it is therefore possible to adapt these devices to be­
come highly sensitive integrated optical detector-transducer chips. These chips could find 
applications in medical diagnostics [3], environmental monitoring [4] and defence and secu­
rity [5], all of which would benefit greatly from compact, portable, robust and cost-effective 
analytical devices.
This thesis is divided into five chapters: the remainder of this chapter will cover the backround 
theory of biosensors and semiconductor lasers, and introduce the concept of the semiconduc­
tor laser biosensor towards which we are working. Chapter 2 will describe computer modelling 
of laser waveguide structures with the aim of optimising sensor performance; chapter 3 will 
describe experimental work to assess the performance of real laser devices modified for sensing 
purposes; chapter 4 describes optical characterisation of polymer films which could be used 
as test layers for optical biosensors, and chapter 5 will describe investigations into a novel
S e m ic o n d u c to r  L a sers  a s  M in ia tu r e  B io se n s o r s
biosensing surface which could potentially be used for the photonic sensors described.
1.2 B iosensors
Many biological systems have evolved the ability to distinguish one type of molecule from 
another. This selectivity is vital for most of the biochemical processes that are essential to 
life. The chemical reactions tha t take place in cells during processes such as respiration and 
DNA replication are mediated by enzymes. These giant protein molecules are catalysts, and 
have very specific shapes which allow them to bind with the single molecule that fits that 
shape, which is known as the enzyme’s subtrate. The enzyme and subtrate bind together to 
form a reaction intermediate, which then reacts with a second reactant at a much higher rate 
than would be possible if only the two initial reactants were present. In general, each en­
zyme catalyses only one reaction because of its specificity to a particular molecule or species, 
and this made enzymes the biochemical detection element of choice in Clark’s glucose elec­
trode [1], [6]. Another important biological system used for sensing purposes is the immune 
system, which produces antibodies to fight infection. Antibodies are proteins with binding 
sites complimentary to the shapes of molecules of substances that are harmful to the organ­
ism. They bind to, and thus isolate, these substances as part of an immune response. The 
substance a particular antibody binds with is known as an antigen. Like enzyme-substrate 
binding, the antibody-antigen interaction is highly selective, and in addition, antibodies can 
be produced against almost any substance, making them highly versatile biological detection 
elements for biosensors. A biosensor that uses antibodies as the detection element is known 
as an immunosensor, and the process of detection using antibodies is often referred to as 
an immunoassay [7]. Other types of biological detection element include nucleic acids such 
as DNA and RNA, which can be used to indentify genes or fragments of genes [8], and en­
tire microorganisms such as bacterial cells or mitochondria [9], which contain analyte-specific 
biomolecules such as enzymes and nucleic acids, but preserve them in their natural environ­
ment. Synthetic nucleic acids and peptides, known as aptamers, have also been created to 
bind to specific target molecules, and are some are capable of amplifying the biosensor signal, 
by enzyme action or fluorescence [10], [11].
1.2.1 Immobilising the biological element
To transform a biological agent into a biosensor, a transducer is required, as described in the 
next section. However, the biological material must be connected to the transducer in some 
way. The main methods of achieving this are adsorption, where biomolecules are bound to 
a surface by weak intermolecular bonds [12], [13]; microencapsulation, where the biological 
material is held by a membrane [14]; entrapment, where the biological material is embedded 
in a  polymer matrix [15]; and covalent bonding, where biomolecules are chemicaly attached to 
a surface, either directly or via a connecting ligand molecule [16], [17], [19]. A novel method 
for immobilising biomolecules on a sensor surface is considered in chapter 5.
1.2.2 Transducers for biosensors
In order for a biological detection element to become a biosensor, a method is required of 
converting the reaction between the detection element and the analyte into an observable 
signal (usually an electrical or optical signal that can be measured by a detector). This is
accomplished by a transducer. Although many strategies have been devised for transducing 
biological detection events, most biosensor transducers fall into one of four broad categories: 
electrochemical, thermal, acoustic and optical [19]. Electrochemical biosensors measure a 
change in the electrical properties (potential, current or conductivity) of an electrochemical 
cell containing the sample solution. Enzymes often catalyse redox reactions, so the presence 
of enzymes specific to the analyte of interest can cause a change in the electrical behaviour 
of the cell proportional to the concentration of the analyte [21]. Thermal biosensors are used 
to measure enthalpy changes of enzyme-catalysed reactions. The specificity is once again 
provided by enzymes, and the temperature change is measured by a thermistor [22]. Acoustic 
wave sensors use the fact tha t piezoelectric crystals have a resonant frequency which is altered 
by changes in mass of the crystal plus any material bound to its surface. Such crystals can 
therefore be used as mass sensors by measuring the resonant frequency of a crystal as molecules 
adsorb to its surface [99], [100]. Specificity is provided by immobilising a layer of analyte- 
specific biomolecules to the crystal surface (see also chapter 5). Optical biosensors are most 
relevant to the rest of this thesis, so will be described in more detail below.
1.2.3 Optical Biosensors
The field of research into optical biosensing is large and diverse, thanks to the multitude of 
biochemical interactions that can be tracked by observing changes in the optical properties of 
the biological materials involved. A layer of antibody, for instance, will have a refractive index 
tha t changes as molecules of the target antigen bind to it, so detecting a change in the index 
of tliis layer can be interpreted as a positive detection event [12], [13]. Techniques using light 
(which may also include transmission, absorption, reflectance and fluorescence measurements) 
are non-invasive and free from the problem of electrical interference. The availability of highly 
sensitive detectors combined with differential techniques such as interferometry allow for ex­
tremely high resolution. Also, photonic devices such as semiconductor lasers, microfabricated 
waveguides and fibre-optics allow light to be confined and directed within very small spaces, 
making compact sensors and multiplexed sensor arrays possible [23]. Optical biosensors come 
in as many forms as there are molecules to detect, but some of the main sensing mechanisms 
are summarised below.
1.2.3.1 Fluorescence-based detection versus label free detection
Most optical biosensors either rely on fluorescent markers to generate a signal, or else directly 
detect the target molecule via some change in the optical properties of the sample. The latter 
case is known as label-free detection, because no labelling of either the sample or the biological 
detection element with fluorophores is required [38]. Fluorescence sensing involves measuring 
the fluorescence intensity of a sample when either the analyte or the biorecognition molecules 
are tagged with fluorescent molecules. The fluorescence intensity can be an indicator of 
various quantities depending on the specific chemistry of the biosensor interaction and the 
fluorophores. Fluorescence sensing is extremely sensitive, and can be used to enhance the 
signal of evanescent field [39] and surface plasinon resonance sensors [37]. However, it has the 
disadvantages of interference from any intrinsic fluorescence of the sample matrix, and the 
requirement for tagging, which can be a laborious process. Label-free detection, on the other 
hand, requires no labelling as it measures some intrinsic optical property of the sample, so 
target molecules are detected in their natural forms [40]. Many label-free detection systems
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measure refractive index changes as the indicator of a biological detection event, and in the 
following sections several types of refractive index-based optical biosensors will be discussed.
1.2.3.2 W aveguide Sensors
Guided light in a dielectric waveguide is very sensitive to changes in the refractive index of 
material at the waveguide surface. When there is any index change within the volmne of 
the guided mode, the propagation constant of the mode also changes, since the tangential 
component of the wavevector must be constant across the entire mode profile (see section 
1.4.1). The propagation constant is related to the effective index of the waveguide, which 
is the equivalent index the guided wave would “see” were it propagating in a uniform bulk 
medium. Part of the optical field of the guided mode exists in the external layers of the 
waveguide, decaying exponentially away from the interface between the guide and cladding 
layers, and this is known as the evanescent field. Therefore, a change in the refractive index of 
material at the surface of the waveguide is sensed by the evanescent field, and measured as a 
change in phase, intensity, wavelength, mode spectrum or resonance angle, depending on the 
type of sensor. Since the penetration depth of the evanescent field is very small (usually of 
the order of nanometres), only changes within this penetration depth are sensed, which allows 
the elimination of bulk index changes in the sample matrix. Two major classes of waveguide 
sensors are fibre-optic sensors, which use the evanescent fields of guided modes in an optical 
fibre [18], [20], [24] and planar waveguide sensors, which use a slab-type waveguide chip 
[25]. Waveguide sensors are often used in an interferometer-type configuration, where one 
waveguide is exposed to the sample and acts as a sensing arm while another is isolated and 
becomes a reference. The difference in the outputs from the two waveguides is then measured. 
One example is dual-polarisation interferometry (DPI), a technique where a chip containing 
two slab waveguides stacked one on top of the other is illuminated by a laser beam, and the 
interference fringes produced by the emerging waves are observed in the far field [26], [27]. 
The phase difference caused by surface refractive index changes in the sensing waveguide can 
be observed by measuring the far-field interference pattern. Biosensors using this technique 
have been commercialised by Farfield Scientific [28].
1.2.3.3 Surface Plasm on R esonance
Surface plasmon resonance (SPR) is currently one of the most well-established optical biosen­
sor techniques in both the commercial and research sectors [29], [31]. A surface plasmon is a 
group of electrons oscillating in phase in a thin metal film. Surface plasmon resonance sensing 
uses the evanescent field created when a light beam is internally reflected in a prism to excite 
plasmons in a thin metal film on the surface of the prism. The plasmon resonance occurs 
only at a particular angle of incidence known as the SPR angle, at which point the reflected 
intensity drops dramatically. The SPR angle is very sensitive to refractive index changes at 
the surface of the gold film, due to the evanescent field effect, and this can be measured either 
by scanning the incident beam or detector through a range of angles to find the intensity 
minimum, or by measuring the reflected intensity at a fixed angle [32]. Surface plasmon 
resonance instruments are commercialised by Biacore [33]. Although SPR instruments were 
originally large and therefore mainly laboratory based, smaller SPR devices have now been 
developed for in the field applications [34], [36].
1.2.3.4 Cavity sensors
Open path or cavity-type sensors pass light directly through a sample in order to measure a 
variety of properties, such as transmission, absorption and refractive index, Tliis type of sensor 
is common in gas sensing, due to the strong characteristic absorption of gases at particular 
wavelengths, but for biosensing, a more common approach is to measure the changes in the 
resonant modes of a Fabry-Perot cavity when a biological sample is introduced. Fibre-optic 
sensors have been described using this method, for example references [41] and [45]. Layers 
of porous silicon can also be used instead of an empty cavity [46]; in this case the refractive 
index changes when biomolecules bind to the surface of the porous silicon. Another approach 
is to use a semiconductor laser integrated with a micro-cavity for analysing the absorption 
and refractive index of biomolecules and cells at different wavelengths [47].
1.2.3.5 M icrodisk and microring resonantor sensors
Microdisk and microring resonators work in a similar way to waveguide sensors, by responding 
to changes in the refractive index of the medium outside the boundary of the microdisk or 
microring. In a ring or disk resonator, light propagates in circulating waveguide modes or 
whispering gallery modes, and the resonant modes of the device are altered when there is 
a change in the refractive index of the sample surrounding the resonator. Light is passed 
into and out of the resonator by straight waveguides that couple to the disk or ring via 
evanescent fields. Theoretical studies [55], [56] have shown that microdisks and microrings 
should be capable of achieving high sensitivity despite their small size, and the field is now 
under intensive investigation experimentally [59], [60], [58].
1.2.3.6 Sensors based on Bragg Gratings
A Bragg reflection grating reflects light at a specific wavelength known as the Bragg wave­
length, which is determined by the optical path of rays reflected from successive points on the 
grating surface (see section 1.3.3.1). If there is a change in the propagation of the incident 
light, either through a change in refractive index or a change in absorption, the reflectance 
spectrum of the grating will alter. This effect can be employed to sense adsorption of a 
biolayer on to the surface of a grating, or the grating can be used to in-couple light into a 
waveguide which responds to refractive index changes at its surface as described in section 
1.2.3.2. Refractive index changes are then detected either by a change in the reflectance 
spectrum of the grating, or a change in the in-coupling or out-coupling angle of the grat­
ing [42], [43], [44]. Sensors based on grating couplers and Bragg reflection gratings have been 
investigated by Tiefenthaler and Lukosz [48], [49]. More recently, a compact “wearable” 
sensor incorporating a grating and waveguide has been developed for the purposes of wound 
monitoring [50].
1.2.3.7 Photonic crystal sensors
A photonic crystal is a dielectric material with periodic perturbations in its refractive index, 
where the period is of the order of one wavelength of light. Usually, these perturbations 
take the form of microscopic holes etched into the medium in a regular lattice-type pattern 
by nanofabrication methods. Due to these voids, light with a wavelength similar to tha t of 
the optical distance between voids is prevented from propagating through the material due
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to destructive interference. The photonic crystal therefore contains a “photonic band gap” 
analogous to the electronic band gap in semiconductors. A Bragg grating can be thought of 
as a one-dimensional photonic crystal. Photonic crystals are made into sensors by creating 
a defect in the crystal structure, for example a larger hole or a section without any holes. 
This creates a cavity in which light with a wavelength corresponding to a resonant mode 
of the cavity can propagate, and the resonant mode of the defect then appears as a sharp 
peak in the photonic crystal’s transmission or reflection spectrum. As with other microcavity 
or waveguide-type sensors, the wavelength of this resonant mode is highly sensitive to  the 
refractive index of the surrounding medium [61]. Biosensors have been demonstrated using 
photonic crystal waveguides [57], and resonant nanocavities [62]. Photonic crystal fibres are 
optic fibres containing holes running the length of the fibre, which form a photonic crystal 
cladding surrounding the core. These also show great potential as biosensor platforms as the 
air holes can act as convenient channels for sample fluid delivery [63], [40].
1.2.3.8 Integrated optical sensor chips based on semiconductor lasers
Most of the biosensors described above require a separate light source. However, biosensors 
tha t integrate the light source, sensing element and detector into a single chip are desirable 
from the point of view of compactness, and robustness by removing the need for optical 
alignment [52], [51]. Of particular interest is the work by Cohen and Coldren [53], [54]. 
Their sensor consists of two distributed Bragg reflector (DBR) tuneable lasers integrated 
with a waveguide field combiner. The passive section of one of the lasers is exposed to the 
sample and is therefore sensitive to changes in the refractive index of the sample, via the 
evanescent field. The other laser is insulated from the sample and provides a reference. A 
photodetector is embedded into the integrated chip to measure the heterodyne frequency of 
the combined signals from the two lasers.
1.2.3.9 Arrays
All biosensors require the inclusion of some form of biomolecule or other biological material 
to become selective detectors. In most cases, the sensor is designed to detect only one target 
substance. However, for many applications the ability to scan a sample for many different 
targets is highly advantageous. This is achieved by creating sensor arrays, where a number 
of sensing regions functionalised with different biorecognition molecules are present on the 
same device [64]. Photonic devices are highly suited to building microarray sensors, because 
of the potential for multiplexing signals, and for the integration of sensing and detection ele­
ments, and microfluidics for sample delivery. Some of the most promising optical microarray 
techniques are summarised in [65].
1.2.4 Sensitivity and detection limit
In order to interpret the signal produced by a refractive index-based biosensor, it is necessary 
to be able to relate the sensor signal to the interactions happening in the biochemical detection 
element. The sensitivity S  of the device depends on how much the signal changes in response 
to a change in the refractive index:
5  =  ^  (1.1)Oflg
where fis is the sample index. The sensitivity of a particular sensor depends on the strength 
of the interaction of the light with the sample [66]. The detection limit of a sensor is the 
minimum change in the sample index that can be detected by the sensor. This depends on 
both the sensitivity of the device, and also on the resolution of the signal detection equipment, 
and any noise in the signal:
/  dsignal\ ^ Asignal^ (1.2)
where Asignal,^^ ,^, is the minimum measureable signal, and Afigf^^in) is the detection limit. 
The detection limits of some optical biosensors are compared in table 1.1, and a more extensive 
review can be found in reference [40].
Sensing platform Detection limit Reference
DPI (Farfield)
SPR (Biacore)
Compact SPR (Texas Instruments)
Compact SPR device
FP cavity
Microdisk
Bragg Grating
Photonic Crystal
40pm (adsorbed layer thickness)
~  3 X IQ-^RIU
80pM (bulk solution of mouse IgG) 
3 X 1Q-7r iU
~  O.OOIRIU (cell effective index) 
1.8 X IQ-^RIU 
-  1 X 10-4RIU 
~  4fg (adsorbed BSA layer)
[27], [26] 
[31]
[34]
[36]
[41]
[58]
[50]
[62]
Table 1.1: Comparing detection limits of various optical biosensors.
1.3 Sem iconductor Lasers
There are three basic “ingredients” required to make a laser: a) a material capable of amplify­
ing light by stimulated emission, or in other words exhibiting optical gain, b) a resonant cavity 
tha t passes light back and forth through the gain medium, allowing an intense optical field to 
build up, and c) a method of achieving a population inversion, or pumping. In a semiconduc­
tor laser, the gain medium is provided by a direct bandgap semiconductor embedded within a 
p-n junction. When an electric field is applied across the junction, charge carriers (electrons 
and holes) are injected into the gain region and recombine to produce photons, wliich then 
go on to stimulate further recombination of electrons and holes, thereby amplifying the op­
tical field. However, photons are also lost through various processes such as absorption and 
scattering. A cavity is formed by the cleaved facets of the semiconductor material, which act 
as mirrors to reflect the light back and forth through the gain medium, so that the light is 
amplified more on each round trip between the facets. The semiconductor layers making up 
the p-n junction also form a waveguide which confines the light to the junction region where 
carrier recombination takes place, known as the active region. When the gain experienced by 
the optical field on one round trip of the cavity is equal to the total loss, the laser is said to 
be operating at threshold, and a beam of coherent, monochromatic light is produced. The 
concepts of stimulated emission, gain, laser cavities and threshold are discussed in more detail 
below.
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1.3.1 Stimulated emission and gain
According to the rules of quantum mechanics, electrons can only exist in discrete energy 
states. In a semiconductor, these energy states are grouped together into bands known 
as the valence band and the conduction band, and a “forbidden” energy gap or band gap 
exists between them. In direct band gap semiconductors, electrons in the higher energy or 
conduction band can relax into an unoccupied state in the valence band by emitting a photon. 
The unoccupied valence band state is referred to as a hole, and the transition is known 
as radiative recombination. This process can occur spontaneously (known as spontaneous 
emission), or it can be induced by an incoming photon. When this occurs, a photon of the 
same energy, phase and polarisation as the incoming photon is emitted, causing an increase 
in photon density, or in other words an amplification of the optical field (this is known as 
stimulated emission). Similarly, an incoming photon can be absorbed by an electron in the 
valence band, causing it to be promoted to the conduction band, provided the incoming photon 
has energy equal to or greater than the band gap. The processes of absorption, spontaneous 
emission and stimulated emission are shown in figure 1.1.
A
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B
Figure 1.1: Electron transitions between the valence band at energy Eq and the conduction 
band at energy Ei. Blue circles represent electrons, white circles represent holes and red wavy 
arrows represent photons. A: Spontaneous emission; B: Stimulated emission; C: Absorption.
For light to be amplified, stimulated emission must be the dominant process occuring. 
The rates of stimulated emission and absorbtion are proportional to the number of excited 
electrons, i.e. the electron population in the conduction band. In order for stimulated emission 
to out-compete absorbtion, there must be a sufficient density of electrons in the conduction 
band so tha t downward transitions are more common than upward transitions. This is known 
as population inversion. In thermal equilibrium, the density of electrons in the conduction 
band is far lower than the density in the valence band. Therefore to achieve population 
inversion, electrons must be excited into the conduction band by an external stimulus, or 
“pumping” . In a semiconductor laser, this is achieved with a semiconductor junction in 
forward bias (see next section). The rates of stimulated emission and absorbtion also depend 
on the photon density, i.e. the number of photons per unit energy and volume, the probability 
of transitions occuring from one band to another and the density of states for electrons in 
the conduction band. Hence the optical gain is both frequency dependent and carrier density 
dependent. A typical gain curve as a function of carrier density is shown in figure 1.2. In the 
plot, we can see both positive gain and negative gain, or loss. When the net material gain is 
zero, this is known as transparency.
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Figure 1.2: Material gain for an InGaAsP quantum well as a function of wavelength, for 
various current densities ranging from 0 — 2 x 10^^cm“ .^ The arrow indicates the direction 
of increasing carrier density. As more carriers are injected, material gain increases and the 
peak of the gain spectrum moves to shorter wavelengths.
1.3.1.1 Non-radiative recom bination
When electrons and holes recombine through the processes of spontaneous and stimulated 
emission, photons are emitted, so these processes are referred to as radiative recombination. 
Carriers may also recombine non-radiatively, through other processes where no photons are 
emitted. The most important non-radiative recombination process in InGaAsP semiconductor 
lasers is known as Auger recombination. This occurs when an electron and hole recombine, 
but the excess energy is transferred to another electron or hole which is excited to a higher 
energy state within its band, or to a phonon (lattice vibration). An approximate expression 
for the Auger recombination rate is
R,  =  C # (1.3)
where N  is the injected carrier density, and C is a constant known as the Auger coefficient. 
Another non-radiative recombination process is defect recombination. A defect in the crystal 
can create localised energy states within the band gap, allowing nearby electrons or holes to 
recombine non-radiatively with the defect state. The rate of defect recombination is
Rd = A N
where A  is the coefficient of defect-related recombination.
(1 .4 )
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1.3.2 Semiconductor junctions
A p-n junction is formed by bringing a piece of p-type semiconductor and a piece of n-type 
semiconductor together. In each type of semiconductor, the Fermi level is the energy level 
where the probablility of finding an electron in an energy state is 0.5 [74]. Separately, the 
Fermi levels of the two materials are different, but when brought together, holes from the 
p side diffuse across the junction to the n side leaving negatively charged acceptors, and 
electrons from the n side diffuse to the p side leaving positively charged donors. This causes 
an electric field to build up across the junction which opposes any further diffusion. However, 
electrons from the p side and holes from the n side are swept across the junction, causing a 
current known as the drift current to flow in the opposite direction to the diffusion current. 
In equilibrium, the drift and diffusion currents are balanced and there is no net current flow. 
The electric field causes the Fermi levels to become aligned across the junction, and the energy 
bands of the p-type and n-type semiconductors become displaced relative to each other, as 
illustrated in figure 1.3A. A region called the depletion region is formed close to the junction 
where nearly all donor and acceptor impurities are ionised, and the low density of charge 
carriers results in a high resistivity.
When an external electric field is applied, by connecting the p side to a positive terminal and 
the n side to a negative terminal, the electric field across the junction is reduced, allowing 
more carrier diffusion to take place. The junction is then said to be forward biased. Holes 
injected into the p side quickly diffuse to the n side and recombine with electrons, and likewise 
electrons injected into the n side diffuse across and recombine with holes on the p side. If direct 
band gap semiconductors are used, there is a high probablility of radiative recombination,
i.e. spontaneous and stimulated emission are likely to occur. Under forward bias, the Fermi 
level is no longer constant across the juntion, so seperate quasi-Fermi levels are defined for 
the electron concentrations in the valence and conduction bands. This can be seen in figure 
1.3B.
1.3.2.1 Carrier conflinement
In a simple p-n junction, the depletion region where electrons and holes are able to recombine 
is very narrow and carriers rapidly diffuse away from it. Therefore a large current must 
be passed through the device in order to achieve only a small amount of gain. A higher 
gain for less current can be achieved by confining electrons and holes together in a layer of 
semiconductor with a smaller band gap than the surrounding layers, known as the active 
region. This is known as a double heterostructure. Under forward bias, electrons and holes 
can diffuse from the n or p type cladding into the active region, but then due to the potential 
barrier caused by the band gap difference they cannot easily diffuse into the cladding layer 
beyond and the electron and hole population in the active region builds up, increasing the 
probability of stimulated emission. A double heterostructure in equilibrium and forward bias 
is depicted in figures 1.3C and D. Using a double heterostructure also has the useful effect of 
creating an optical waveguide. The semiconductor layer with the narrower band gap also has 
a higher refractive index than the surrounding, wider band gap layers. This serves to confine 
light by total internal reflection (see section 1.4), thereby maximising the interaction between 
photons and charge carriers by keeping them in the same place.
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1.3.2.2 Quantum wells
When the laser active region is made thin enough to be comparable to the de Broglie wave­
length of electrons, the energy states of the electrons become quantised in the growth direction, 
i.e. the direction in which the thickness of the layer lies. This type of structure is known 
as a quantum well. The result of this quantisation is that the energy states form sub-bands 
within the conduction and valence bands. It is then possible to tmie the emission wavelength 
to a specific transition between the subbands in the quantum well by controlling the width of 
the well. There are also more states close to the conduction band edge compared with that 
of bulk semiconductor material, so more filled states in the conduction band can contribute 
to the lasing process.
1.3.3 Laser oscillation
An electric field propagating through a gain medium experiences both amplification, due 
to stimulated emission, and attenuation due to absorbtion and other loss mechanisms. To 
transform a material with gain into a laser, the material is placed inside a cavity with reflectors 
a t each end. This forces the field to pass through the gain medium many times over, and 
also selects out a set of discrete wavelengths which correspond to the resonant modes of the 
cavity. In a semiconductor laser, the semiconductor material is usually cleaved along a crystal 
plane perpendicular to the junction plane. The large refractive index of the semiconductor 
compared to that of the air means tha t the cleaved ends or facets act as partially reflecting 
mirrors (typically with a reflection coefficient R  «  0.3). When light hits the facets, some 
of it is transmitted out of the cavity and some is reflected back, as illustrated in figure 1.4. 
The forward and back-travelling waves must be in phase or the wave will be cancelled out 
by destructive interference. The wavelengths that constructively interfere to form standing 
waves are the modes of the Faby-Perot resonator. For a cavity of length L  and effective 
refractive index fJ-eff, the free space wavelengths of the modes are given by
and these can be shown to be separated in wavelength by
where is the free space wavelength of the mode and m  is an integer. The resulting 
output power spectrum of a Fabry-Perot laser is a series of peaks (modes) corresponding to 
the cavity modes, modulated by a curve that corresponds to the material gain as a function 
of wavelength. This is illustrated in figure 1.5.
1.3.3.1 D istributed Feedback Lasers
A DFB laser employs a Bragg grating to provide optical feedback, as opposed to a Fabry- 
Perot laser, where the feedback comes from reflections at the facets [102]. The Bragg grating 
in a DFB structure consists of a periodic variation in refractive index with a period A, usually 
produced by a corrugation at the interface between two of the semiconductor layers (see figure 
1.6). Any wavefront approaching the grating will experience reflection such that the reflected
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Figure 1.3: Energy band diagrams for semiconductor junctions. A: p-n junction in equilib­
rium; B: p-n junction in forward bias; C: double heterostructure in equilibrium; D: double 
heterostructure in forward bias.
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Figure 1.4: Fabry-Perot resonant cavity with optical gain. The facets have reflectivity coeffi­
cients Ri  and R 2 and the cavity length is L.
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Figure 1.5: Material gain curve and Fabry-Perot modes of a laser. The mode closest to the 
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rays from any two points on the grating with separation A will be reflected in the same 
direction. If the light is to propagate, the reflected rays must add constructively, so their 
path difference must equal an integer multiple of the wavelength in the waveguide medium. 
This is given by the Bragg condition [103]:
m-
M e//
=  2A (1.7)
Where Af, is known as the Bragg wavelength and m  is an integer, and ^g//  is the effective 
index of the cavity. Since back-reflection will only occur at the Bragg wavelength, with all 
other wavelengths cancelled out by destructive interference, this is the wavelength that will be 
amplified. A DFB laser spectrum therefore consists of a single mode at the Bragg wavelength. 
It can be seen from equation 1.7 that the Bragg wavelength, and hence the lasing wavelength 
of a DFB laser, is proportional to the effective index of the waveguide, and therefore a change 
in effective index will cause a corresponding shift in the lasing wavelength:
Afc M e// (1.8)
Reflected wavefront
Bragg gratii
Incoming wavefront
Active region
Figure 1.6: DFB laser showing cross-section with Bragg grating with period A.
A variation on the DFB laser is the distributed Bragg reflector laser or DBR. This type 
of laser also contains inbuilt Bragg gratings, but they are located in sections at either end 
of the laser cavity, with the central section resembling a regular Fabry-Perot cavity with 
no grating structures. The grating sections act as mirrors that reflect only at the Bragg 
wavelength. DBR lasers are manufactured with separate electrical contacts on each grating 
section, allowing a variable bias current to be applied to each section. This changes the 
effective refractive index of the different sections, causing the Bragg wavelength to change, 
and hence the DBR emission wavelength may be tuned.
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1.3.4 Threshold
The electric field propagating through the gain medium in the z direction can be expressed 
as
£ =  (1.9)
Here, k is the complex propagation constant, and is given by:
k = ( 3 - ^ j ^  (1.10)
where /? describes the phase variation of the wave in the direction of propagation, and is 
sometimes referred to as the propagation constant (but see section 1.4). a  is the loss coef­
ficient, which describes how the amplitude of the wave varies with distance. Ignoring time 
dependence, the intensity variation of the field can therefore be written
7  =  (1.11)
a  contains both the internal losses due to scattering and absorbtion, and any optical gain. It 
can therefore be written as a  =  aint — 7, where aint is the internal loss and 7 is the optical 
gain. Therefore when gain exceeds internal losses, a  is negative. When the field propagates in 
a Fabry-Perot cavity of length L, it is reflected by the facets, which have reflection coefficients 
Ri  and Rg. After one round trip of the cavity, the ratio of final intensity to initial intensity 
is given by
G =  (1.12)initial intensity
where G is referred to as the round trip gain. The threshold condition states tha t the total
round trip gain must equal the total round trip losses, i.e. G = 1. This gives an expression
for the threshold gain 'jth for a Fabry-Perot laser:
7th =  a m t + 2 x ' n ( ] ^ )  (1.13)
The threshold gain is the minimum amount of optical gain required for stimulated emission 
to overcome all absorption and other losses, and for lasing to take place. When the pumping 
level is high enough for threshold to be exceeded, ideally all extra injected carriers undergo 
recombination by stimulated emission, meaning that the carrier density in the laser active 
region remains at a constant level or “pinned”. The Fabry-Perot modes closest to the peak 
gain wavelength are amplified, and usually a single mode which experiences the highest gain 
(and least internal losses) dominates the laser spectrum above threshold, as shown in figure 
1.5.
1.3.4.1 Confinement factor
In equations 1.11 to 1.13, it is assumed that the entire optical field experiences gain as it passes 
through the medium. However, in a laser device, the light is guided by a waveguide structure 
formed by the semiconductor layers, giving rise to guided modes tha t are partially contained 
within the active region but have evanescent fields that spread out beyond the active region 
boundaries, as illustrated in figure 1.7 (but see also section 1.4). The confinement factor is
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defined as the fraction of the total optical field that is confined within the waveguide core 
layer (or active region in the case of a semiconductor laser), and is given (in one dimension 
only here) by [69]:
_ / - 0 2  4  (y) dyr = J-oo (y) dy (1.14)
where h is the height of the waveguide core layer, and £x {y) is the x-directed electric field 
in TE polarisation. More information on the confinement factor can be found in chapter 2. 
Taking into account the confinement factor, equation 1.13 becomes [68]:
7*/. = f  (ra ^c  + (1 -  r) + i /n  [ - — ) )  (1-15)
where aac and aex are the optical losses in the active and external regions respectively.
Field Intensity profile of fundamental waveguide mode
'Cladding 
'Waveguide core 
(or active region)
Substrate
(X
Figure 1.7: Slab waveguide with fundamental guided mode profile. The confinement factor is 
the fraction of total power contained within the waveguide layer (or active region), represented 
by the shaded area of the mode.
1.3.4.2 Threshold current
In a semiconductor laser, gain increases as the injected carrier density increases until threshold 
is reached, as illustrated in figures 1.2 and 1.5. However, not all injected carriers contribute 
to the lasing process, due to non-radiative recombination, as described in section 1.3.1.1. In 
addition, a t higher temperatures there is an increasing probability of carriers gaining enough 
thermal energy to overcome the potential barriers provided by the band gap difference between 
the active region and cladding layers. In this case, carriers can escape into the cladding layers 
and recombine, resulting in a leakage current that does not contribute to the lasing process. 
Using equations 1.3 and 1.4, the injected current below threshold can be written
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I  = eV  (a n  + B N ^  +  CN^) + (1.16)
where e is the electronic charge, V  is the active region volume and izeofc is the leakage current. 
B N ^  represents the rate of radiative recombination, and A N  and CN^  represent the rates of 
defect recombination and Auger recombination respectively. If the recombination coefficients 
A, B  and C  and the leakage current Ii^ak are known, an expression for the threshold current 
can be obtained by substituting the threshold carrier density for N.
1 .3 .5  E ffec ts  o f  c a r r ie r  d e n s ity  a n d  te m p e r a tu r e  o n  effec tiv e  in d e x
When electrons and holes are injected into the laser active region, there is a change in the 
refractive index of the material due to a combination of effects induced by the change in carrier 
density in the material, as described in [77]. The absorption coefficient and the refractive 
index are related by the Kramers-Kronig relations [78], so there is a corresponding shift in 
the refractive index both with doping concentration and with injected carrier density, due to 
various effects that cause a change in the absorption coefficient [83].
The bandfilling, or Moss-Burstein effect, is due to a decrease in absorption of photons 
with energy larger than the band gap when a semiconductor is doped [76], [80]. In an n- 
type semiconductor, the conduction band is partially filled by electrons so more energy is 
required to excite electrons from the top of the valence band into the conduction band. 
The same is true for a p-type semiconductor when the valence band is partially filled by 
holes. The Moss-Burstein effect is also observed when electrons and holes are injected into a 
semiconductor. There is a resulting decrease in the absorbtion coefficient at energies above 
the bandgap. Another effect is the bandgap shrinkage: when injected electrons occupy states 
at the bottom of the conduction band (and likewise holes the top of the valence band), 
they interact via Coulomb forces. This causes screening of electrons, which lowers their 
energy and causes a reduction in the band gap, resulting in a red-shift in the absorbtion 
spectrum of the material [81], [82]. The third contribution to the refractive index shift with 
carrier concentration arises from absorption of photons by free carriers which move to a higher 
energy state within a band. The bandfilling and intraband free carrier absorption effects cause 
a negative shift in the refractive index, and the band gap shrinkage effect causes a positive 
shift. The relative magnitudes of these effects, and the shift in refractive index due to a 
combination of all three is calculated in [77]. At low carrier concentrations, the bandfilling 
effect is found to dominate, so increasing the current causes a reduction in refractive index.
An electrical current flowing through a laser diode also causes heating, even when the 
base temperature of the laser mount is controlled, due to ohmic heating and non-radiative 
recombination processes. Thermal expansion causes a shift in the lattice constant of the 
semiconductor, and since the band structure of semiconductors depends on the structure of 
the crystal lattice, this thermal expansion causes a change in the band gap. In addition, 
interactions between electrons and phonons at liigher temperatures cause a shrinkage of the 
band gap. There is therefore an increase in refractive index as the temperature of the material 
increases. This effect is studied in more detail in [79]. Increasing the current through a laser 
therefore has two competing effects on the refractive index of the semiconductor material: a 
decrease in index due to the increase in carrier concentration, and an increase in index due 
to heating. These competing effects are illustrated by the experimental results presented in 
section 3.4.2 of chapter 3.
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1.4 W aveguides and evanescent field sensing
1.4.1 Guided Modes in a Planar Waveguide
A waveguide can be formed from three layers of dielectric material stacked one on top of 
the other, as depicted in figure 1.8. The layers are referred to as the substrate layer, with 
refractive index the waveguide layer (index Ug) and the cladding layer (index ric). If the 
refractive index of the central layer is greater than that of the substrate and cladding layers, 
light will be confined in the waveguide layer by total internal reflection.
y
X
Figure 1.8: Planar dielectric waveguide made from three slabs of dielectric material with 
different refractive indices: rig =  substrate layer index, rig = waveguide layer index and 
Tic =cover layer index.
The electric field profile of a guided wave in a slab waveguide can be found by solving the 
wave (or Helmholtz) equation:
(1.17)_  1 d^£ dt"^  dt^
where e =  electric field (scalar), 6^ =  permittivity of material, fim = permeability of material, 
V =  ^ =  ^  =  speed of wave in material, c =  the speed of light in a vacuum, n = refractive 
index of material, uj = angular frequency and ko = free space wavenumber. Solutions to this 
equation are of the form
e(r,t) =  6o(r)e —j u t (1.18)
where c(r, t) is the electric field at position r  and time t and Eo(r) is the electric field amphtude 
at r. Subsituting Equation (1.18) into Equation (1.17), and recalling that the free space
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wavenumber ko = ^  and u =  ^, we obtain:
n^kos = 0 (1.19)
Light guided by a planar waveguide may have either transverse electric (TE) polarisation 
or transverse magnetic (TM) polarisation. In TE, the electric field is parallel to the interfaces 
between the waveguide layers, so the only component of the electric field is in the x  direction 
(c =  Ex)- In TM polarisation, the magnetic field is parallel to the interfaces {H = Hx). A TE 
polarised electromagnetic field is shown in figure 1.9. Here only TE polarisation is considered, 
as it is the most relevant to semiconductor laser design.
Figure 1.9: A transverse electric (TE) polarised electromagnetic field propagating in the z 
direction. The electric field Ex points only in the x direction, and the magnetic field Hy 
points only in the y direction.
Assuming a TE polarised plane wave, the electric field extends to infinity in the x  direction, 
so equation 1.19 can be simplified to
d'^E d “^E 2 , 2 ( 1.20)
The solutions to Eq(1.20) will have the form Substituting into equation 1.20
gives
kzi +  ky^ — (yti&o) (1.21)
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where % denotes the refractive indices n^, rig and Uc in the substrate, guide and cladding 
layers respectively. Applying the boundary condition tha t the electric field must be continuous 
at the interfaces between the layers, we get
k z s  ~  k z g  —  k z c  —  P  (1.22)
Here, P = kz is the horizontal component of the wave vector, and is the real part of the 
complex propagation constant in equation 1.10, also known as the “propagation constant” . 
Therefore, substituting equation 1.22 into equation 1.21, we get
fcyi =  (fcgnf-/32) s (1.23)
The wave equation for the TE polarised plane wave in the waveguide can then be written as:
d'^e
dy^
or
+  {kouj -  e =  0 (1.24)
+  kyi£ =  0 (1.25)
Equation 1.25 has solutions of the form where kyi is given by equation 1.23. In
the case where koUg > P > koUg and > nc, kyg is real, and kyg and kyc are imaginary. The 
field distribution in the y direction is therefore a standing wave in the waveguide layer, with 
exponentially decaying “tails” in the substrate and cover layers known as evanescent fields. 
There is a discrete set of solutions of equation 1.25 which correspond to higher order standing 
waves, and these are known as the waveguide modes, or guided modes. The fundamental 
waveguide mode, and a higher-order waveguide mode in a slab waveguide are illustrated in 
figure 1.10.
1.4.2 Effective Index
The effective index of the waveguide is defined as
M s  =  (1-26)
and can be thought of as the refractive index the guided mode would experience if it were 
travelling at the same velocity through a medium of uniform index. A change in the refractive 
index of any of the layers where an oscillating or evanescent field exists will result in a change 
in the propagation constant, and hence the effective refractive index of the guided modes.
1.4.3 Lateral Modes
In the above discussion, the waveguide was assumed to be infinite in the x direction, as 
was the extent of the electric field, allowing the variation of the field in x to be neglected. 
However, in a semiconductor laser, the guided modes are confined in the lateral (x) as well as 
the transverse (y) directions. The behaviour of the lateral modes will depend on whether the 
laser is strongly index-guided, wealdy index-guided or gain-guided [70]. An insight into the 
lateral mode profiles can be gained using the effective index approximation. In this approach, 
the electric field distribution is split into transverse and lateral components:
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Fundamental mode
0 Higher order mode
X
Figure 1.10: Field distributions of the fundamental waveguide mode and a higher order 
waveguide mode in a slab waveguide.
£ = (j)[y] x) ^  (x) 
substituting equation 1.27 into equation 1.19 gives
(1.27)
(1.28)
The transverse modes and effective indices at a fixed value of x are obtained by solving (cf 
equation 1.24):
+  (n^ (x, y) kl -  Plff (%)) 4> = ü (1.29)
where /3eff{x) is the effective propagation constant at x. The lateral modes are found by 
solving
dx"^ (1 .3 0 )
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where /ig// (æ) =  is the effective index at x, found by solving equation 1.29. Solving
this equation is analogous to solving the transverse field eigenvalue equation, but using the 
effective indices obtained for the transverse modes as the lateral index distribution.
1.4.4 Evanescent Field Sensing
Equation 1.24 is an eigenvalue equation whose eigenfunctions are the transverse modes of 
the waveguide, and whose eigenvalues are the propagation constants of these modes. Any 
change in the refractive index distribution n {x, y) will result in a new set of eigenfunctions 
and eigenvalues that satisfy the equation. The practical value of this is tha t provided some 
method exists to measure the propagation constant or mode effective index, it is possible to 
measure refractive index changes at the surface of a waveguide, where the cover material is 
probed by the evanescent field.
1.4.4.1 Sensitivity
In the case of evanescent field sensors, the refractive index of either the cover layer or the thin 
layer of adsorbed molecules changes in the presence of the analyte, which causes a change in 
the effective indices of the guided modes. The change in the cover index An can be treated 
as a small perturbation to the refractive index distribution;
à.n{x,y) = n p { x , y ) - n { x , y )  (1.31)
where n  (æ, y) is the refractive index distribution and rip (x, y) is the perturbed index distribu­
tion. The resulting perturbed wavefunctions and propagation constants are denoted (j>p and 
(3p. First order perturbation theory then gives the change in propagation constant A/3 as a 
function of the change in refractive index distribution [71]:
where the approximation A (/3 )^ % 2/3A^ has been used, and da — dxdy is the area element 
of the waveguide cross section. If the change in refractive index is constant within each layer, 
equation 1.32 can be rewritten as
=  ^ Ç r i ( a ; )  A (n?(a:)) (1.33)
where
is the confinement factor, as discussed in section I.3.4.I. The confinement factor and the 
propagation constant vary in the x-direction if the waveguide has a variable lateral index 
distribution. In the case of an evanescent field sensor, the only part of the refractive index
distribution that changes during a sensing event is the cover index, ng. Therefore, we can put
Arts = Aug = 0 into equation 1.33, which then becomes
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^  r ,  (1.34)A tIc l-^eff
where we have used the approximation A (n)^ ^  2nAn  again. We can see from equation 
1.34 that the change in effective index with respect to a change in the cover layer index ric 
is directly proportional to the fraction of the to tal mode power contained within the cover 
layer.
1.5 Sem iconductor Laser B iosensors
In the work presented here, the possibility of using a semiconductor laser as a compact, inte­
grated biosensor chip has been investigated. The laser itself provides bo th a source of light, 
a waveguide formed by the semiconductor layers, and a resonant cavity provided by the laser 
facets. By modification of the chip surface using focussed ion beam milling (FIB), the optical 
mode can be made to interact w ith a sample that is brought into contact w ith the surface 
of the device. This changes the effective refractive index of the laser cavity, and this can be 
observed as a change in the resonant modes of the laser spectrum. An illustration of the 
proposed sensor is shown in figure 1.11. In the experimental work presented here, Fabry- 
Perot lasers were used, and the measured signal was the free spectral range of the device (see 
chapter 3).
This technique could be developed further by using DFB lasers, which emit at a single wave­
length due to the internal Bragg grating (see section 1.3.3.1). The wavelength of this single 
mode varies as the effective index of the cavity varies, making the DFB wavelength a  suitable 
measureable signal to monitor refractive index changes at the device surface. A sensor based 
on measuring the heterodyne signal of two DFB lasers in an interferometric configuration 
could increase the sensitivity and detection limit, and reduce noise by cancelling some of 
the wavelength noise caused by temperature changes and source current fluctuations. Lasers 
lend themselves well to portable biosensor applications, due to their small size (laser chips 
typically have a surface area of % O.lmm^), and the advantage of having several sensor ele­
ments (the source, waveguide and resonant cavity) combined in one chip. The nanofabrication 
technology now available such as FIB for modifying the devices may also be used to create 
prototype microfluidic structures on the surface of the chips for sample delivery, and lasers 
can be fabricated in rows or arrays which lend themselves to adaptation for multiple anaylte 
sensing.
1.6 Sum m ary
In this chapter, the concept of biosensors and detection using biological recognition elements 
was introduced. Methods to transduce biological detection events were discussed, w ith partic­
ular focus on refractive index-based optical sensors. Sensitivity and detection limit were also 
introduced as a way of measuring the performance of optical biosensors. Some background 
information about semiconductor lasers was then given, including how the laser design and 
operating conditions can affect the effective index of the laser cavity, and hence the spectral 
characteristics. This was followed by a more detailed discussion on waveguides and evanes­
cent field sensing, to show how light propagating in a waveguide can be affected by changes 
in the refractive index of material at the surface of the waveguide. Finally, the concept of
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Figure 1.11: Diagram of a ridge waveguide laser diode adapted for evanescent field sensing. 
The shaded regions on the surface of the chip are where the device has been milled to create 
a sensing area.
an integrated semiconductor laser biosensor chip is introduced. The development of such a 
sensor is the eventual goal toward which this PhD is aimed.
Chapter 2
W aveguide Sim ulations
2.1 In troduction
This chapter describes a theoretical study to investigate the potential sensitivity of semi­
conductor laser devices when modified to act as evanescent field sensor chips. The critical 
factor that determines the sensitivity of an evanescent field sensor is the fraction of the to tal 
optical power confined in the sensing region. However, in a standard semiconductor laser, 
the optical mode is intentionally confined within the active region, and the evanescent field 
does not extend beyond the surface of the chip. Therefore some modifications to the device 
structure are necessary, to allow the evanescent field to interact with a sample on the surface, 
while retaining sufificieiit optical confinement in the active region for the lasing process to be 
maintained.
The aim of this study was to devise an optimum structure for a semiconductor laser 
biosensor, based on these considerations. Laser waveguides were modelled using RSoft Pho­
tonics CAD Suite, and the modesolving programme BeamPROP was used to calculate their 
fundamental modes and effective indices. Then the waveguide structures were modified in 
various ways to investigate the impact on sensitivity (defined below) and confinement factor.
2.1.1 Beam PRO P and the Beam  Propagation M ethod
BeamPROP, the software used in this chapter, is a simulation tool for calculating the electro­
magnetic fields propagating in an arbitrary waveguide using the beam propagation method 
(BPM) [72]. The propagation of the field is described by equation 1.19, the Helmholtz equa­
tion for scalar fields, where n ~  n  (æ, y, z) is the refractive index profile of the waveguide. 
We assume that the most rapid variation in the field e{x^y,z)  is due to the phase variation 
along the direction of propagation z, and we introduce a slowly varying “envelope” function 
u ( x , y , z )  [73]:
£{x ,y , z , )  ==u{x,y,z)e^^^ (2.1)
where k is known as the reference wavenumber and represents the average phase variation 
of the field. Substituting equation 2.1 into equation 1.19 gives:
u  =  0
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The variation of the envelope function u {x, y  ^z) is also assumed to vary sufficiently slowly 
in z to allow the first term to be neglected, giving
du
dz 2k (2 .2)
This is the basic BPM equation. Given an initial launch field and a refractive index profile, 
equation 2.2 can be solved at each point along the z axis using a finite-difference method to 
determine the evolution of the field as it propagates down the waveguide. The refractive index 
profile is defined by creating a waveguide structure using a CAD interface. For mode solving, 
a launch field with a Gaussian profile is used as the initial input field.
2.2 2D  M odelling
2.2.1 Waveguide Design
Initially, the double heterostructure laser was modelled as a two-dimensional slab waveguide 
with three layers: a thick InP substrate layer, a thin InGaAsP layer which contains the active 
region and is referred to here as the “waveguide layer” , and a thin InP cladding layer. The 
thicknesses of these layers lie in the y-direction, the wave propagates in the z direction and 
the slab is infinite in the x direction. A diagram of the cross section of the structure is shown 
in figure 2.1.
Test layer (sample)
Cladding layer
Waveguide layer 
(active region)
Substrate layer
Figure 2.1: Cross section of modelled three-layer waveguide with test layer.
Figure 2.2 shows the refractive index profile of the three-layer waveguide. Refractive 
indices of the semiconductor layers were taken from Adachi [67] for InP and InGaAsP. These 
indices of 3.17-3.4 are typical for InGaAsP alloys at a wavelength of 1550nm. To model the 
biolayer forming on the surface of the chip, a thin test layer was added to the model, lying 
directly on top of the cladding layer. Initially this layer had a thickness of 5nm and a refractive 
index of 1.45. BeamPROP was used to calculate the effective index of the waveguide as either 
the refractive index {fit) or the thickness (t) of this test layer were varied, while the other
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variable was held constant (either at t  =  Û.005jam or yit =  1.45). Examples of plots of the 
effective index versus (h  and t  are shown in figures 2.3 and 2.4. The variables I and A/^ refer 
respectively to the cladding layer thickness and the refractive index difference between the 
cladding/substrate layers and the waveguide layer.
3.17
y / p m5.4
Figure 2.2: Refractive index profile in y-direction of the three layer waveguide. A ^ =  re­
fractive index step between the substrate and cladding layers and the waveguide layer; I =  
thickness of the cladding layer and t  =  thickness of the test layer.
2.2.2 Sensitivity
Sensitivity of a particular waveguide structure was defined as the change in effective index 
with respect to either the refractive index or the thickness of the test layer, i.e.
Sfj, = dyt or St — dt (2.3)
In general, for a slab waveguide, the wavefmictions of the guided modes have the form 
Q3ikyiy-<^ t)  ^ where kyi is given by equation 1,23. In the cover or cladding region, the field is 
evanescent and is given by [69]
Ex i_y) =  (2.4)
where h is the height of the waveguide layer and y =  0 is defined as the interface between 
the waveguide and substrate layers. From equation 2.4, it is clear that the evanescent field 
strength, and hence the sensitivity, will increase exponentially with increasing cover index ric. 
Also, in the case of surface adsorption sensing where the refractive index change is taking 
place in a thin layer above the waveguide layer, a thicker layer will result in higher sensitivity 
since a greater fraction of the evanescent power will be contained in the layer. However,
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Figure 2.3; Plot of calculated effective index versus refractive index of test layer [fit) for a 
three layer waveguide structure with a test layer on the surface. The test layer thickness was 
fixed at t =  0.005/im.
with a fixed test layer index and increasing thickness, the thickness sensitivity St decreases 
exponentially with increasing layer thickness, due to the exponentially decaying profile of the 
evanescent field. This behaviour is illustrated in figures 2.3 and 2.4.
Although these plots are non-linear over a wide range of yt  and t, they are approximately 
linear over the range applicable to protein monolayers, i.e. 0 < t < 5nm and 1 < fit < 2, 
where t = Onm and =  1 refer to the case where no biomolecules are adsorbed on the sensor 
surface, and a background index of 1 is assumed. The sensitivities S^ and St of a particular 
waveguide structure were obtained by fitting straight lines to the plots of calculated effective 
index versus test layer index (for S j^) or test layer thickness (for St), and taking the gradient. 
This was found to be a simple and clear way to identify trends in sensitivity when modifying 
the waveguide structures. The procedure used to find the sensitivity of a waveguide structure 
as a function of one of its parameters is summarised in the flow diagram in figure 2.5.
2.2.2.1 Index Step
The sensitivities S^ and St were calculated as the refractive index of the waveguide layer was 
varied, thereby changing the index step Afi between the waveguide layer and the substrate and 
cladding layers. In this simulation, the cladding layer thickness I was kept fixed at I = 1/xm. 
The results are plotted in figure 2.6. Reducing the index step between the core and cladding
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Figure 2.4: Plot of calculated effective index versus thickness of test layer (t) for a three layer 
waveguide structure with a test layer on the surface. The refractive index of the test layer 
was fixed aX fit — 1.45.
layers from 0.28 to 0.03 results in a 24-fold increase in sensitivity, from from 1.46 x 10 ^fim  ^
to 3.48 X 10"^pm“ i for St, and from 2.14 x 10  ^ to 5.14 x 10  ^ for S,M*We can see how this increase in sensitivity comes about by examining the mode profiles, as 
shown in figure 2.7. As the index of the waveguide layer approaches that of the surrounding 
layers, the effective index also approaches the index of the surrounding layers and the mode 
profile spreads out. This results in higher sensitivity, as there is more power in the test layer, 
and also a reduced confinement factor. The impact of a reduced confinement factor on the 
laser’s performance is discussed in section 2.2.3.
2.2.2.2 Cladding Layer Thickness
In this case the refractive indices of the substrate, waveguide and cladding layers were kept 
fixed at 3.17, 3.4 and 3.17 respectively, giving a fixed index step of Ap =  0.23. The sensitivities 
Sn and St were calculated as a function of the cladding layer thickness /, and the results are 
plotted in figure 2.8. Thinning the upper cladding layer from I = Ifim. to I = 0pm increases
the sensitivity by three orders of magnitude: from 3.55 x 10 ^fim ^ to 3.73 X 10 ^fim ^ for
St, and from 5.20 x 10“  ^ to 5.48 x 1 0 for S^ (it should however be noted that complete 
removal of the p-cladding layer is not practicable in a real laser - see section 2.2.3).
As can be seen from the mode profiles in figure 2.9, thinning the upper cladding layer 
brings the test layer into closer proximity with the waveguide layer. The evanescent field in the
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Figure 2.5: Flow chart showing the procedure used to find the sensitivity of a waveguide 
structure with respect to one of its structural parameters. The outer variable is the param­
eter being investigated, e.g. cladding layer thickness, and the inner variable is the index or 
thickness of the test layer, or the cover index in the case of the 3D modelling.
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Figure 2.6: Sensitivity of three layer waveguide sensor with a fixed upper cladding layer 
thickness I = Ifim. The outer variable is the index step between the substrate/cladding 
layers and the waveguide layer, A//.
cladding layer decays exponentially with distance from the interface between the waveguide 
and cladding layers, and therefore moving the test layer closer to this interface results in an 
exponential increase in the power confined in the test layer. This is mitigated slightly by 
the effect of the large refractive index drop between the cladding layer and the test layer 
plus cover material. As this large index step moves closer to the waveguide layer, the mode 
becomes more tightly confined in the waveguide layer, and eventually starts to move into the 
substrate layer, as can be seen in figure 2.9a for I = 0/xm. This effect is more significant to 
the confinement factor than the sensitivity of the waveguide (see section 2.2.3).
2.2.2.3 M ode-Stretching Layer
The third modification made to the basic three-layer waveguide structure was to add a fourth 
layer with a high refractive index, located within the cladding layer. This layer had a refractive 
index of 3.4, as does the waveguide layer, and the substrate and cladding layers have an index 
of 3.17. The purpose of this layer is to stretch the mode in the y-direction, resulting in 
a stronger evanescent field in the test layer. The distance between the upper edge of the 
waveguide layer and the lower edge of the mode-strecthing layer is referred to here as Zl, 
and is varied from zero to O.Sfjm, such tha t the total distance between the upper edge of 
the waveguide layer and the waveguide surface is always Ifim. The refractive index profile of 
the structure is shown in figure 2.10. The sensitivities 5» and St are plotted as a function
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Figure 2.7: A: Transverse mode profiles of fundamental mode of three layer slab waveguide, 
as the index step A/i between the waveguide and cladding/substrate layers is varied; B: as 
A, but enlarged to show evanescent field in the cladding and test layer region.
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Figure 2.8: Sensitivity of three-layer waveguide sensor with A/x =  0.23 versus cladding layer 
thickness I.
oi II in figure 2.11. Maximum sensitivity is obtained when the high index layer is positioned 
midway between the waveguide core and the test layer. Addition of the high index layer at 
a distance of 11 =  0.4/xm from the waveguide core yields values of =  3.04 x 10~® and 
St =  2.07 X 10“^/xm~^. In addition, the sensitivity was calculated as a function of 11 for 
different thicknesses of the mode stretching layer {ti in figure 2.10), and the results are shown 
in figure 2.12. In this figure, only sensitivity with respect to test layer index (S^) is shown. 
A thicker mode stretching layer gives higher sensitivity, as can be seen from the plot, where 
maximum sensitivity for ti = 3/xm is 1.1 x 10“ ,^ as compared to t\ — Ifim, where maximum 
sensitivity is 1.2 x 10~®.
By examining the mode profiles in figure 2.13, we can see that the mode stretching layer 
provides a second region in the waveguide where the wave can propagate. This causes some of 
the mode power to be transferred from the waveguide layer to the mode stretching layer, via 
the evanescent field in the cladding. This in turn boosts the strength of the evanescent field 
between the mode-stretching layer and the test layer, resulting in greater power in the test 
layer. The coupling between the guided modes in the waveguide and mode stretching layer 
is stronger the closer they are together, since the strength of the evanescent field is greater 
closer to the waveguide-cladding interface. However, since the overall distance between the 
waveguide-cladding interface and the test layer is fixed, a mode-stretching layer closer to the 
waveguide layer means a greater distance between the test layer and the mode maximum. 
Therefore maximum sensitivity is achieved by placing the mode-stretching layer equidistant 
from the waveguide and test layers, so that these two effects are balanced.
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Figure 2.9: A: Transverse fundamental mode profiles for three-layer planar waveguide, as 
cladding layer thickness I is varied; B: mode profiles enlarged to show behaviour in cladding 
and test layer region. In these plots the blue shaded region represents the test layer for the 
case where I =  Ifim, corresponding to the solid blue curve. In plot B, the shaded grey regions 
show other possible positions of the test layer for various values of 1.
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Figure 2.10: Refractive index profile in y-direction of the three-layer waveguide modified 
to include a mode-stretching layer. The position of the mode stretching layer within the 
cladding layer is varied by changing the distance 11 between the waveguide layer and the 
mode stretching layer, but the to tal thickness of the cladding layer is fixed at I — l/^m. The 
mode stretching layer has a thickness t l .
2.2.2.4 Comparing Sensitivities
The maximum sensitivities achieved by each type of modification are displayed in Table 2.1. 
Also shown is the relative increase in sensitivity compared to a standard laser structure, 
which for the purposes of this study is defined as a three-layer waveguide with an index step 
A/z =  0.23 and an upper cladding layer thickness I =  1/im. The calculated sensitivity for 
this structure is 6^{standard} =  3.55 x 10“ ®/i7n~ ,^ 6'/^ {standard} =  5.2 x 10"^. Table 2.1 
shows that of all the modifications considered, the most effective way to improve sensing 
performance is to th in the upper cladding layer.
The mode profiles (figures 2.7, 2.9 and 2.13) also suggest that the first approach (reducing 
the index step) would be unsuitable for modification of semiconductor lasers, since the lower 
refractive index step leads to reduced confinement of the optical field and injected carriers, 
and would significantly increase the laser threshold (although this is not the primary concern 
for this application, minimising the threshold carrier density would decrease unwanted effects 
such as band-filling and band gap shrinkage). Optical confinement will also be an important 
factor in determining the optimum thickness of the cladding layer if the second approach 
(thinning the cladding layer) is to be employed (see next section).
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Figure 2.11: Sensitivity of waveguide sensor modified with a mode-stretching layer, versus 
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Figure 2.12: Sensitivity versus 11 for mode stretching layer thickness t\ =  0.1pm, 0.2pm 
and 0.3pm.
3 7
/l=0.4|am
/ 1=0
/ 1= 0.2
71=0.4
71=0.6
71=0.8
: test layer 
I'^(enlarged X10)
pcd 0.5 high index layer
0.0
3 4 5 6 7
Transverse (y) distance/^im
B
ayer1.0
 /1=0
 / 1= 0.2
 /1=0.4
 71= 0.6
71=0.80.5
0.0 1=0.
5.4 5.6 5.8 6.0 6.2 6.4
Transverse (y) distance/pm
Figure 2.13: Transverse profile of fundamental mode of slab waveguide with a high index 
mode-stretching layer located within the cladding region. A: full transverse mode profiles. B: 
mode profiles enlarged in cladding and test layer region. In these plots the high index layer 
is shown as a dark shaded region for the case where 71 =  0.4/im, which corresponds to the 
solid blue curve. In plot B, the light grey shaded regions show the positions of the test layer 
at 71 =  0/im and 71 =  0.8/zm.
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Structure Sfi j  {standard} 
(«S'i /  {standard})
Three layer waveguide, A/z = 5.20 X 10-^ 3.55æl0“® 1( 1 )
0.23, I = Ifim  (standard)
Three layer waveguide, Ajj, = 5.14 X 10-G 3.48 X 10"^ 9.88 (9.80)
0.03, I = lfj,m (index step re­
duced)
Three layer waveguide, A/u = 5.48 X 10“^ 3.73 X 10-2 1050 (1050)
0 .2 3 ,1 = 0/im  (upper cladding
thinned)
Five layer waveguide, Afi = 3.04 X 10“ ® 2.07 X 10“^ 5.84 (5.84)
0.23, I =  ljum, li =  0.4/im
(high index mode-stretching
layer added)
Table 2.1: Maximum sensitivities obtained through different structural modifications, using 
a 2D slab waveguide model
2.2.3 Confinement Factor
It would be impracticable to remove the cladding layer completely, because the upper p-doped 
layer of a laser is required both for carrier injection and for waveguiding. Therefore the effect 
on the laser’s performance of thinning the cladding layer must be taken into account when 
optimising the structure. The effect on the threshold gain of the laser was evaluated by 
calculating the confinement factor as a function of cladding layer thickness. The confinement 
factor is the fraction of the total integrated power of the fmidamental mode tha t is contained 
within the laser active region, and is given by equation 1.14, where h is the thickness of the 
active region, and is equal to 0.4/um in all the structures simulated in this work. Here, only 
the transverse confinement factor is considered, since the slab is assumed to be infinite in the 
horizontal (x) direction and the propagating field can be approximated to a plane wave (two- 
dimensional confinement factors are considered in sections 2.3.1 and 2.3.3). The threshold 
gain 'yth is given by equation 1.15, from which we can see that reducing the confinement 
factor will lead to an increase in threshold gain. The confinement factor was calculated for 
a thin layer with h = 20nm located in the centre of the waveguide layer. This thickness was 
chosen to represent a block of quantum wells and barriers. Although quantum wells have a 
higher refractive index than the surrounding layers, individual wells were not modelled, since 
they are extremely thin (% 5nm) and have a small perturbing effect on the mode individually. 
Instead an average of refractive index and thickness for a set of quantum wells and barriers was 
used. Figure 2.14 shows a plot of the confinement factor versus cladding layer thickness for a 
three-layer waveguide with index step A/i =  0.23. The curve has a maximum at I =  0.15/im, 
indicating an optimum p-cladding layer thickness of this value. Further calculations showed 
tha t the refractive index and thickness of the test layer had a negligible effect on F, due to 
its small thickness when compared with the thicknesses of the other layers.
The behaviour of the confinement factor under varying I can be explained by examining 
the mode profiles in figure 2.9 again. As the cladding layer thickness is reduced, the mode
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Figure 2.14: Confinement factor for 20nin thick active region as a function of cladding layer 
thickness for three-layer waveguide with Ap =  0.23.
becomes more tightly confined in the waveguide layer due to the large index step between 
the cladding layer and the test/cover layer encroaching on the evanescent field. However, 
below I Aj 0.15pm, the highly assymetric refractive index profile of the waveguide causes the 
peak of the fundamental mode to move closer to the waveguide/ substrate interface. Since the 
confinement factor is calculated for a very thin layer in the centre of the waveguide region, 
this shift causes the confinement factor to drop sharply.
2.3 3D M odelling
The two-dimensional waveguide structure modelled in the preceding section, although useful 
as a preliminary investigation, is somewhat unrealistic in terms of real semiconductor lasers. 
To improve upon the model, a ridge waveguide structure was created, based on information 
provided by the manufacturer of the lasers used in chapter 3.
2.3.1 Waveguide Design
A cross-section of the structure modelled is shown in figure 2.15. The structure closely 
resembles the three-layer waveguides modelled in the previous section, but a central 4pm wide 
ridge has been defined. The test layer has been replaced with a semi-infinite cover layer of 
index pc- This was done to more accurately reflect the situation described in the experimental 
chapter (chapter 3), where semiconductor laser chips are covered with a polymer layer many 
times thicker than the laser wavelength. Also, whereas in the 2D model the waveguide layer
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was assumed to contain a single 20nm thick quantum well block for the purposes of calculating 
the confinement factor, in this structure the waveguide layer represents a seperate confinement 
heterostructure containing multiple quantum wells and barriers with an average refractive 
index of 3.4, and a thickness of 0.4/im. The refractive index profile of this structure at z  =  0, 
i.e. at the centre of the ridge, is shown in figure 2.16.
Covering material (sample)
2.2pm
Ridge
4pm Cladding layer
X
Waveguide layer 
(active region)
Substrate layer
xM)
Figure 2.15: Cross-section of ridge waveguide structure.
As was found in section 2.2, the most effective method of improving sensitivity is to thin 
the cladding layer. In a ridge waveguide laser, current flows into the active region via the 
ridge, which is sputtered with gold to provide an electrical contact. It is not possible to 
remove the ridge, as this would prevent charge carriers from entering the active region and 
the laser would not work. Therefore in this model, “windows” were placed either side of the 
ridge, forming sensing areas where the mode interacts with the cover material. A cross-section 
of the waveguide with windows is shown in figure 2.17, and the transverse refractive index 
profile of the structure at 2 < \x\ < (w fl- 2), i.e. within the window area, is shown in figure 
2.18.
The major difference between this model and the 2D planar waveguide modelled in section
2.2 is the lateral index profile. The ridge, combined with the windows, create a variation in 
the effective index with x, resulting in lateral modes, as described in section 1.4.3. We shall 
see that for this structure, lateral confinement of the mode is more important than transverse 
confinement in determining sensitivity.
As in section 2.2, certain parameters of the waveguide were varied in order to find the 
optimum structure for both sensitivity and confinement factor. Sensitivity in this case was 
defined as
diic (2.5)
and was found by fitting a straight line to a plot of /ig// vs Hc and taking the gradient of 
the line. An example plot showing a straight line fit is shown in figure 2.19. The parameters 
varied in this case were the thickness of the cladding layer in the windowed area, labelled
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Figure 2.16: Refractive index profile of ridge waveguide at x =  0.
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Figure 2.17: Cross-section of ridge waveguide with sensing area formed by windows either 
side of the ridge.
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Figure 2.18: Refractive index profile of ridge waveguide at w < |æ| 2, within window region.
Z2, and the width of the windows w. The two-dimensional confinement factor was found by 
integrating the power of the fundamental mode contained within a Afim wide region of the 
waveguide layer centered at æ =  0, and dividing this by the to tal integrated power of the 
mode, or
! \  4 y) dxdy
(2.6)
where w is the ridge width {w = 4:(j,m unless otherwise stated) and h is the height of 
the waveguide layer {h = 0.4/itm). This region is chosen as it is the part of the active layer 
in a ridge waveguide laser where the highest concentration of charge carriers occur. The 
2D confinement factor includes both the x  and y components of the mode, so is affected by 
the mode spreading out in the x  direction as well as leaking of the mode into the cladding, 
substrate and cover layers.
2 .3 .2  S e n s it iv ity
2.3.2.1 Cladding layer thickness
Sensitivity, as defined by equation 2.5 is plotted as a  function of 12 in figure 2.20 for —lybm < 
12 < Ijim . The window width w was held constant at tu =  30/um. When 12 is negative, the 
window depth is greater than the maximum thickness of the cladding layer, so a part of the 
waveguide layer is missing. This situation is depicted in figure 2.21. We can see from figure 
2.20 tha t sensitivity increases as 12 decreases, from 4.55 x 10“® at 12 =  lim i to 8.95 x 10“ ®
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Figure 2.19: Example of a plot of calculated effective index /ig// versus cover index, for a 
ridge waveguide structure with cladding layer thickness 12 = O.lfim and ridge width =  
Sensitivity was obtained from the gradient of a straight line fitted to the plot.
at 12 = Q.Siim and 12 = 0.2/xm. The sensitivity then decreases rapidly again as 12 is reduced 
further. The optimum value of 12 for maximum sensitivity is therefore at 12 % 0.25/xm.
The two-dimensional mode profile of the fundamental mode is shown in figure 2.22 for 12 — 
—Ifim (A), 12 =  0.2/im (B) and 12 = 1/rm (C). The labels on the contour lines indicate the 
strength of the normalised field e {x, y) in arbitrary units. When 12 is large and negative, the 
windows are cut deep into the waveguide, removing the active layer in the windowed regions. 
This leaves the mode tightly confined to the segment of active layer directly underneath the 
ridge, by the large refractive index steps either side. This results in only a very small fraction 
of the mode being present in the cover medium. When 12 is large and positive, there is a large 
distance between the cover medium and the waveguide layer where the mode peak is located. 
This also results in a very small fraction of the field being present in the cover medium, as 
was the case with the slab waveguide when the cladding layer thickness I was large (section 
2.2.2.2). Greatest sensitivity is achieved for between 12 = 0.2/im and 12 =  O.S/zm, where these 
two competing effects appear to be in balance.
2.3.2.2 W indow W idth
In figure 2.23 sensitivity is plotted as a function of the window width w. In this simulation, 
the value of 12 was set to its optimum value for sensitivity of 12 = 0.25/im and w was varied 
between 1/xm and dOfim. Between w = 3/im and w = 4/im, the sensitivity sharply increases.
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Figure 2.20: Sensitivity of ridge waveguide as a function of cladding layer thickness 12 in 
sensing region.
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Figure 2.21: Cross-section of ridge waveguide with 12 < 0.
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Figure 2.22: Mode profiles for fundamental modes of ridge waveguide with 12 = —Ifim  (A), 
12 — 0.2fim (B) and 12 = Ifim  (C).
from 0.6 x 10“  ^ to 9.1 x 10“ .^ Between w = 4)um and w = 7/zm, the sensitivity drops rapidly 
from 9.1 X 10“  ^ to 9.02 x 10“ ,^ and no further change in sensitivity was obtained with wider 
window widths. The plot of sensitivity versus window width is enlarged in figure 2.24 to show 
the behaviour between w = 4(j,m and w — 30/im.
The mode profiles of the fundamental modes for different window widths are shown in 
figure 2.25. The effective index beneath the windows is lower than beneath the ridge or the 
regions beyond the windowed areas. This, combined with the region of higher effective index 
beneath the ridge, has the effect of confining the mode in the x-direction. However, when 
w < 3/im, the field splits into two guided modes either side of the ridge and window region, as 
can be seen in figure 2.25 A. This is because the windows are narrow enough for the mode to 
be strongly influenced by the higher index regions beyond the windows. The area beneath the 
ridge and windows combined is also much narrower, relative to the mode, than the regions 
beyond the windows, so these have a much stronger perturbing effect on the mode. This 
results in the majority of the mode power leaking away from the central ridge area and into 
these two regions, leaving almost no power in the cover material when w < 3fim. Above 
w = 4/im, the mode is confined beneath the ridge, as can be seen in figure 2.25 B-D. It
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Figure 2.23: Sensitivity of ridge waveguide as a function of window width w {12 = 0.25/j;m).
is not clear from the mode profiles what causes the small but rapid decrease in sensitivity 
between w =  4/j.m and w =  7/^m, but it may be due to an increase in both transverse and 
lateral confinement, brought about by the large index step of the windows interacting with 
the outlying tail ends of the evanescent field. Above w =  7p-m, any further increase in window 
width has no measureable effect on sensitivity, because the windows now extend well beyond 
the penetration depth of the mode in the x-direction.
2.3.2.3 R idge W idth
The sensitivity of the ridge waveguide as a function of the cladding layer thickness 12 was re­
calculated for the same structure, but with ridge widths of 2}im and l^m . The window width 
was fixed at w =  30/im, The results for the three different ridge widths are plotted in figure 
2.26. Reducing the ridge width increases the sensitivity, with peak sensitivity increasing from 
9.6 X 10~® at 12 =  0.25/im for a ridge width of 4/im, up to 3.1 x  10“  ^ at 12 =  0.15/im for a 
ridge width of 2/im, and 7.7 x 10“  ^ at 12 =  0.05/im for a ridge width of l/xm. We can also 
see from these results that the value of 12 at which the peak sensitivity occurs also decreases 
with decreasing ridge width.
Figure 2.27 shows mode profiles for the three different ridge widths at optimum 12. In a 
similar effect to that of thinning the cladding layer in the 2-D model (section 2.2.2.2), the
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Figure 2.24: Sensitivity of ridge waveguide as a function of window width, enlarged for 
4 <  tti <  30 (Z2 =  0.25/im).
cover material is brought closer to the centre of the mode as the ridge width is reduced, 
resulting in a greater fraction of the mode power in the cover layer. This results in higher 
sensitivity and a loss of confinement beneath the ridge (see section 2.3.3).
The shift in peak sensitivity to lower values of 12 with decreasing ridge width is due to the 
balance of lateral and transverse confinement of the mode. Maximum sensitivity is achieved 
when two competing effects of reducing the cladding layer thickness are in balance: these 
are the reduction in transverse distance between the mode maximum and the cover material, 
which serves to increase the power in the cover material and hence sensitivity, and increased 
lateral confinement beneath the ridge, which reduces the power in the cover medium, as 
explained in section 2.3.2.1. In general, confinement beneath the ridge is lower and the mode 
overlap with the cover medium is higher with a narrower ridge. This shifts the maximum 
sensitivity to lower values of Z2, since a “deeper” window, giving a more abrupt change in the 
lateral effective index profile, is required for the lateral mode confinement effect to become 
more significant than the transverse mode overlap effect.
2 .3 .3  C onfinem ent F actor
2.3.3.1 Cladding layer thickness and ridge w idth
Figure 2.28 shows the two-dimensional confinement factor (as given by equation 2.6) as a 
function of the cladding layer thickness in the windowed regions, Z2, at three different ridge 
widths. The window width is fixed at 30/fm, and the cover index is held constant at =  1.5. 
Note, the confinement factor was calculated using an integration area with width equal to the
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Figure 2.25: Mode profiles for fundamental mode of ridge waveguide with various window 
widths: A: w =  3//m; B: w = 4//m; C: w = 5//m; D: w = Ib/im.
ridge width. The plots follow sigmoidal curves of the form
y =  02 + Ol — 021 +  e
where a i, 02, xq and dx are fitting parameters. The confinement factor is high when 
12 is large and negative, and low when 12 is large and positive. Also higher confinement is 
obtained with a wider ridge. At large Z2, the confinement factor tends to F =  0.2, F =  0.1 
and F =  0.05 for ridge widths of 4/zm, 2^m  and l/zm respectively, suggesting that at large 
12 there is a simple linear relationship between F and ridge width. At large and negative Z2, 
the confinement factor tends to F =  0.64, F =  0.59 and F =  0.48 for ridge width =  4/xm, 
2/Ltm and l/um respectively, giving a ratio of 1.3 ; 1.2 : 1; in other words when 12 is large and 
negative , F increases with increasing ridge width but shows a “levelling off” behaviour.
By referring again to figure 2.27, we can see how the sigmoidal shape of these curves arises: 
when 12 is large and positive, the lateral refractive index profile of the waveguide resembles 
that of the slab waveguide. The effective index change between the regions under the ridge 
and windows is smaller, and so the mode spreads out further in the x direction, reducing the
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Figure 2.26: Sensitivity of ridge waveguide versus cladding layer thickness /2, for three differ­
ent ridge widths.
confinement. When 12 is large and negative, there is a much larger lateral variation in the 
effective index, so the mode becomes more confined beneath the ridge. The extreme example 
is when 12 < —0.4/im, in which case the windows cut right through the active layer, resulting 
in a channel type waveguide with large index steps between the waveguide layers and cover 
material confining the mode on either side. Mode profiles for the three different ridge widths 
at 12 = Ifim  and 12 =  —1/xm are shown in figure 2.29. When 12 is large and positive, the 
increase in confinement factor with ridge width is simply due to a larger fraction of the mode 
being ‘captured’ by the area of integration beneath the ridge, and because the total area of 
the mode is large compared to the ridge width, this increase is approximately linear. When 
12 is large and negative, increasing the ridge width once again captures more of the mode, 
but due to the tight lateral confinement, this brings decreasing returns, as it is only the weak 
evanescent field tails that are being incorporated into the integration.
2.3.3.2 W indow width
The confinement factor as a function of window width is plotted in figure 2.30. There is low 
confinement of the order 10“"^ when w < 3//m, rising sharply to F =  0.56 at w = 4/xm. In 
figure 2.31 the plot is enlarged to show the points above w = 4//m: there is a sharp increase in 
F between w — 4//m and w = 6/im, then no further change. To explain this behaviour we can 
refer back to figures 2.23 and 2.25 and to the description of the behaviour of the sensitivity in 
relation to window width given in section 2.3.2.1. To summarise, the low confinement below 
w < 3/im is due to the mode splitting into two guided modes on either side of the ridge-plus-
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Figure 2.27: Mode profiles of fundamental modes of ridge waveguide, with different ridge 
widths. A: ridge width =  4/im, 12 = 0.2/im; B: ridge width =  2/im, 12 = 0.1/im; C: ridge 
with =  1/im, 12 =  0/im.
windows region. The sharp increase between w = 3/im and w = 4/im is due to the mode 
switching back to a single guided mode beneath the ridge, and the small but sharp increase 
in confinement between w = 4/im and w = 6/im is due to the windowed regions squeezing 
the mode by interacting with the evanescent tails of the lateral mode.
2 .3 .4  O p tim isin g  Sensor D esign
Based on the above results, some simple design rules can be inferred for designing a laser 
biosensor. In terms of sensitivity, the narrower the ridge, the better. The optimum cladding 
layer thickness for sensitivity depends on the ridge width chosen, but smaller ridge widths 
result in lower confinement factors, which will impact on laser performance. In addition, very 
narrow ridge widths are more difficult to fabricate, and are likely to have more fluctuations in 
the processed ridge, which may be a consideration when designing a mass-producible sensor. 
The relative importance of sensitivity and confinement factor in designing a laser biosensor 
will depend on the specific needs of the application. With a ridge width of 4/im and cladding 
layer thickness of 0.25/im, the confinement factor is 0.56. If the ridge width is reduced down
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Figure 2.28: Confinement factor (F) versus cladding layer thickness (12) for ridge waveguide 
at three different ridge widths.
to 1/im, and the optimum cladding layer thickness for this ridge width of 0.05/im is used, the 
confinement factor is also reduced to 0.4, a decrease of 28%. However, using a ridge width 
of 2/im and the optimum cladding layer thickness of 0.15/im results in a confinement factor 
of 0.5, which is only a 10% reduction. Therefore, a structure with a 2/im wide ridge and 
a cladding layer thickness of 0.15/im may be taken to be an optimised structure, based on 
this model. Above 5/tm, the width of the windows makes very little difference to either the 
sensitivity or the confinement factor, so a window width of 30/im will be assumed from here 
on. In practical terms, this allows some fiexibility in the design of the sensor, as narrower or 
wider windows may be preferable depending on the method of fabrication. From figure 2.26, 
the sensitivity of this structure is 3.1 x 10“ .^
2.4 L im itations o f th e m odel
The purpose of the work in this chapter was to indentify useful modifications that could be 
made to a standard semiconductor laser in order for it to work as a laser biosensor. It was 
not the intention to create a fully self-consistent model of a working laser, so a number of 
simplifications have been made. Only passive waveguides have been studied: gain and loss 
have been ignored. Also, the refractive indices taken from the literature have all been for 
undoped semiconductors. In real ridge waveguide lasers, the presence of dopants causes a 
shift in the refractive index, due to band filling and band gap shrinkage effects [77], however 
this is not expected to have a large infiuence on the trends observed in these models. Carriers 
(electrons and holes) injected into the active region also have this effect, and cause internal
52 S e m ic o n d u c to r  L a sers a s  M in ia tu r e  B io se n s o r s
9
8
7
5
4
-20 -15 -10 ■5 0 5 10 15 20
9
8
7I
5
4
■20 -15 -10 0-5 5 10 15 20
y/pm x/pm
I
-20 -15 -10 -5 0 5 10 15 20
Uli OSS
-5 -4 -3 -2 -1 0 1 2  3 4 5
x/pm x/pm
9
8
7
I
5
4
-5 -4 -3 -2 -1 0 1 2 3 4 5
9
8
7
L
5
4
-5 -4 -3 -2 -1 0 1 2 3 4 5
x/pm x/pm
Figure 2.29: Mode profiles of fundamental mode for ridge waveguide with 12 = l/rm, ridge 
width =  1/zm (A), 2//m (B) and 4//m (C); and 12 =  —lyum, ridge width =  1/zm (D), 2fim  (E) 
and 4/im (F).
0.7-
0.6 -
0.5-
0.4
0.3-
0 .2 -
0 . 1 -
0.0 -
- 0.1
53
■  ■  ■  H ■ ■  H
■■■
— r —  10 —r— 15 20 25 30
Figure 2.30: Confinement factor as a function of window width w for ridge waveguide (^2 
0.25/im).
0.5656-
0.5655-
0.5654
0.5653
0.5652
0.5651
0.5650
0.5649
0.5648
0.5647 0 10 15 20
w/pm
25 lo"
Figure 2.31: Confinement factor as a function of window width for ridge waveguide with 
12 = 0.25/Liw, enlarged to show behaviour for w > 4/im.
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heating of the laser active region due to non-radiative reombination and ohmic heating, which 
also causes a shift in the refractive index [79]. These effects have been investigated experi­
mentally, and the results will be discussed in the next chapter. Another factor that has been 
neglected in these models is the increase in defect-related recombination as a result of the FIB 
modification process. Experimentally, some researchers have found that laser performance is 
degraded after FIB modification, but it can be recovered by annealling [84].
2.5 Sum m ary
Lasers have been modelled as simple waveguide structures, first in two and then three dimen­
sions, and their sensitivity as waveguide-type evanescent field sensors has been calculated. A 
variety of structural parameters of the waveguides were varied to see what effect these had on 
the calculated sensitivities. Sensitivity is strongly related to the overlap of the optical mode 
with the sample, so increasing the “leakiness” of the mode improves the sensitivity of the 
waveguide as an optical sensor. However, as a laser device, the mode cannot be made too 
leaky, or the optical intensity in the laser active region would become too low for lasing to be 
maintained. To investigate this effect, the confinement factor of the optical modes was also 
calculated as a function of the structural parameters being varied.
In the 2D modelling, sensitivity was most drastically improved by simply removing the upper 
cladding layer of the laser waveguide. However, due to considerations of confinement factor 
and the need for an upper p-cladding layer in a real laser device, an optimum cladding layer 
thickness of 0.15/^m was found.
In the 3D ridge waveguide structure, behaviour of the sensitivity and confinement factor is 
more complicated. The sensing regions were located either side of a central ridge, which 
provides current injection and lateral mode confinement. Sensitivity was found to be at a 
maximum when the cladding layer in the sensing regions was between 0.05/xm and 0.25/im, 
depending on the ridge width, with greatest sensitivity achieved for a ridge width of 1/im and 
a cladding layer thickness of 12 ~  0.05/im in the sensing regions. Thinning the upper cladding 
layer has the effect of increasing the confinement factor in the case of the ridge waveguide 
structure, due to greater lateral confinement of the mode, but thinning the ridge from 4/im 
to 1/im reduces the confinement factor by 28%. Finally, changing the width of the sensing 
region has very little effect above w — 5/im on either the sensitivity or the confinement factor, 
so window widths in a real sensor of this type need not be greater than 5/im. This would 
allow some flexibility in manufacturing the sensors. Based on these results, a ridge waveguide 
structure with a 2/im wide ridge, a cladding layer thickness of 0.15/im and a window width 
of 30/im is the optimum sensor structure, and has a sensitivity of 3.1 x 10“ .^
Chapter 3
Laser Experim ents
3.1 Introduction
This chapter describes the modification and characterisation of laser devices adapted for 
evanescent field sensing. The chips were modified using focussed ion beam milling, following 
the design guidelines deduced from the simulations. The free spectral range of the laser 
was chosen as the measureable signal, as it is inversely proportional to the effective index 
of the laser cavity (see below). A polymer film of known refractive index was deposited 
on the sensing surface of the chip to characterise the sensor response. The free spectral 
range of an unmodified chip as a function of injected current and base temperature was also 
measured, since variations in current and temperature are a major source of wavelength noise 
in semiconductor lasers.
3.2 Background
3 .2 .1  Free S p ectra l R an ge
A typical Fabry-Perot laser spectrum contains a large number of peaks corresponding to 
modes of the laser cavity, as described in chapter 1. The wavelength of the mode is given 
by equation 1.5. The free spectral range (FSR) is the spacing between Fabry-Perot modes in 
the laser spectrum, and is given by equation 1.6:
where \m  is the free space wavelength of the mode, L  is the cavity length, and /ie// is the 
effective refractive index of the cavity. The second term in the denominator of this equation 
can be ignored if the variation in effective index with wavelength (the dispersion) is small, 
giving a simpler relation:
or
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where FSR is expressed in wavenuinbers. Changes in the effective index of the cavity can 
therefore be observed as shifts in both the free spectral range and the wavelength of individual 
modes [75]. Using the definition of sensitivity given by equation 2.5 in chapter 2 allows us 
to compare experimental results with theoretical sensitivity, where S  of the sensor device is 
defined as the change in effective index with respect to the cover index:
where fi^ ff is the effective index and fic is the cover index. Using equations 3.4 and 3.3, the 
change in FSR due to the change in cover index can be written
where A/ic is the change in cover index. The relative magnitude of the shift in FSR is therefore
Using a typical value of /Zg// =  3.27 from the results in chapter 2, and a cavity length of 
650/im, we can estimate the value for the free spectral range using equation 3.3:
=  5 ^  =  2 X X 10-G =
Then using equation 3.6, we can estimate the shift in free spectral range for a cover index
change A/ic =  0.45, using S  = 3 x 10~'  ^ (the maximum sensitivity calculated for a ridge
waveguide with a 2/tm wide ridge in chapter 2) :
AFSR =  FSR— SA/i^ =  — -  ^  ^  ^ x 0.45 ^  ^M S  3.27
3.3  D ev ice  M odification
3.3.1 D evice structure
The devices used in this study were InP/InGaAsP ridge waveguide Fabry-Perot laser chips 
with with cavity lengths of 650/im and a peak wavelength of 1.55/tm. The active region 
contained four quantum wells with barriers, and lateral index guiding was provided by a 2/im 
wide ridge. A diagram of the structure is shown in figure 3.1.
3.3.2 Focussed Ion Beam  milling
The laser devices described above were modified using a Focussed Ion Beam (FIB) in order to 
enhance the interaction of the evanescent field with material on the snrface. Focussed ion beam 
milling is a technique used in nanotechnology to fabricate nanometre-scale structures, usually 
in silicon wafers. A beam of gallium ions is accelerated by a potential of around 30kV, and 
focussed on to the sample using optics similar to that of an electron microscope. Each gallium 
ion displaces approximately six atoms of the subtrate material although different materials 
mill at different rates. By controlling the ion current and the position of the beam, material
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Figure 3.1: Cross-section of ridge waveguide laser structure. The total w idth of the device is 
approximately 250/im.
can be removed from the sample in a very controlled fashion, allowing extremely small and 
intricate patterns to be etched into the sample. The instrument used in this work was a PEI 
Nova Nanolab 600 with a gallium ion column and an electron column for imaging. The laser 
chips were positioned on a stage at the focus point of the two beams, and two windows with 
dimensions of 250 x 30/xm were milled into the gold electrical contact on the upper surface of 
each chip. The ion current and spot size were approximately 20nA and lOOnm respectively. 
The windows were positioned on either side of the ridge as shown in figure 3.2. The depth of 
these windows was approximately 6/Ltm, which was sufficient to completely remove the gold 
and part of the underlying p-cladding layer. It was noticed that the milled surface of the 
semiconductor material was not smooth, but had a rough spiky texture. This was due to the 
gold contact containing crystals which mill at different rates depending on their orientations, 
and therefore some areas of the semiconductor layer start to be milled before others.
3.4  Free Spectral R ange M easurem ents
3 .4 .1  Free sp ectra l range versu s cover in d ex
3.4.1.1 Experim ental setup
One of the modified lasers was mounted in a clip with a probe tip touching the upper gold 
contact, away from the milled region. The underside of the device was in electrical contact
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Figure 3.2: SEM image of milled ridge waveguide Fabry-Perot laser chip.
with the brass base of the clip, which was connected to ground. Current was passed through 
the device via the probe tip, from a Keithley 2400 current source. The clip was mounted on 
a stage incorporating a Peltier device and heat sink, with additional cooling by circulating 
refridgerated water, and the base temperature was finely controlled by an ILX 5910b tem­
perature controller. The laser output was collimated by a microscope objective lens and then 
passed through a Glann-Thomson prism, which transmits only TE polarised light, thereby 
removing any TM modes from the spectrum. The beam was then focussed by a second ob­
jective lens into a single mode optic fibre which carried the signal to an Ando AQ optical 
spectrum analyser (OSA). Figures 3.3 and 3.4 show diagrams of the clip and the setup used 
to obtain the FSR measurements. The laser spectrum was recorded by the OSA over a wave­
length range of 1550 — 1600nm at a resolution of 0.2nm. Then a high resolution (0.05nm) 
OSA scan was taken of one peak at each end of this range to determine their wavelengths. 
The free spectral range (FSR) was extracted from this data by dividing the difference between 
these two wavelengths by the number of Fabry-Perot mode peaks in between (typically 75), 
to obtain an average value for the mode spacing.
3.4.1.2 Polym er film deposition
To simulate the effect of a biological sample binding to the sensor, a polymer film was de­
posited on to the surface of the chip, so that it covered the windows. The polymer used was 
cellulose acetate, which has a refractive index of 1.43 ±  0.01 at a wavelength of 1.56 jim  (as 
measured by ellipsometry, see chapter 4). The deposition was made using a wooden cocktail 
stick with a sharpened point, which was dipped into a 1% (w/v) solution of cellulose acetate 
in acetone. A drop of the solution was allowed to fall on to the surface of the laser chip, 
which then dried rapidly to form a film covering the windows, but leaving some of the gold 
contact exposed so that electrical contact could still be made. If the polymer solution did not 
properly cover the windows, or if any of the polymer went on the laser facets, the chip was
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Figure 3.4: Setup used for free spectral range measurements.
rinsed in acetone and the process was repeated.
3.4.1.3 Results
Measurements of the FSR were taken before and after deposition, and repeat measurements 
were taken after removing the polymer layer by rinsing in acetone, and again after reapplying 
it. Figure 3.5 shows an example of two laser spectra, taken before and after a polymer 
film was deposited on the chip surface. An enlarged section of these two spectra, showing 
the Fabry-Perot modes, is shown in figure 3.6. Measurements were taken at a fixed base 
temperature of 20°C and a fixed current of 20mA. Three seperate spectral measurements 
were taken, and the average FSR was found, in order to remove any transient effects caused 
by small fiuctuations in the current and temperature. Figure 3.7 shows the results obtained 
for successive measurements of FSR with and without the polymer layer, at 20mA. The error 
bars show the standard error in the mean of the three measurements taken at each stage.
As can be seen from figure 3.6, the mode peaks shift to longer wavelengths when the 
polymer film is present, as would be expected if there had been an increase in the effective 
index of the cavity. Typically this shift is of the order of O.lnm. There was also a reproducible 
negative shift in FSR when a polymer layer was applied to the device, and a positive shift
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Figure 3.5: Spectra of the modified laser with no sample present (green line), and with a 
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Figure 3.7: Results of successive free spectral range measurements on modified laser at 20mA.
occurred when the layer was removed, as can be seen in figure 3.7. The FSR decreases 
by approximately 4 x each time a polymer film is applied to the surface. This
suggests an increase in the effective index when the polymer layer is present. The positive 
shift in FSR is larger when the polymer layer is removed, and there is also an overall increase 
in the FSR over time, suggesting that some additional factor is at work. This could be a 
gradually changing environmental factor such as temperature or humidity, or it could be a 
contamination effect related to the repeated washing and re-deposition of the polymer having 
a cumulative effect over time.
3.4.1.4 Sensitivity
Based on the results shown in figure 3.7, the typical relative shift in FSR between the case 
with no sample present and the case with a cellulose acetate film present is around 0.00018 ±  
0.00002. From this result we can obtain an estimate for the sensitivity of the device, as defined 
in equation 2.5. Using equations 3.5 and 3.6, the sensitivity S  can be written as
An estimate of figf f  can be obtained from the data by taking the initial value for the FSR of 
2.187299cm“  ^ (labelled “no sample (1)” in figure 3.7), and the cavity length L = 650±0.5//m, 
and using equation 3.3:
F S R  = — -  =  (2.187299 ±  7 x 10"^)2^effL  V J
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“  2 X 2.187 X 0.065 =
Using this value in equation 3.7, and taking A^c =  0.43 ±  0.01, we obtain an estimate of 
the sensitivity S:
Q KOS  »  0.00018 X —— =  (1.5 ±  0.2) X 10-30.43
3.4.1.5 Comparison w ith  sim ulations
If we refer back to chapter 2, we can see tha t the predicted sensitivity for a 2fj.m wide ridge 
with optimum cladding tliickness was 3 x 10“ ,^ meaning that the estimate from experimental 
data is five times larger than the value predicted by simulations. There are many factors 
tha t could have contributed to uncertainty in the predictions from simulations, such as stuc- 
tural imperfections in the device, and uncertainty in the material parameters. It is therefore 
encouraging tha t the experimental results are within an order of magnitude of the theoret­
ical predictions. The discrepancy could also have arisen due some of the factors that were 
neglected in the model:
• The active region of the laser used in this experiment is thinner than that which was 
modelled
•  The effect of doping was neglected in the model
• The laser was modelled as a passive cavity, so the effect of changes in carrier concen­
tration were neglected
• The base temperature was held constant during the experiment, however the cellulose 
acetate film’s thermal properties may have had an effect on the internal temperature of 
the laser.
The effect on sensitivity of changing the active layer thickness was not investigated in this 
work. However, it can be seen from equation 1.34 that the sensitivity of a waveguide-type 
sensor is directly proportional to the fraction of the mode contained in the cover layer. A 
thinner active (waveguide) region would result in a more lossy mode, and therefore a stronger 
evanescent field, which would in turn result in higher sensitivity. A short simulation was 
run using the three-dimensional ridge structure described in section 2.3.1 of chapter 2, to 
investigate the effect of changing the active region thickness. The ridge width was fixed at 
2fj.m and the cladding thickness was fixed at 12 = 0.1/^m, but the waveguide layer thickness 
was reduced to O.ljtim. Sensitivity was calculated as described in chapter 2, and was found to 
be 9.3 X 10“ '^ , approximately three times more sensitive than the value of 3 x 10“ '^  calculated 
for a  waveguide layer thickness of OAfj.ni.
Doping concentrations are typically of the order 10^^cm~^. Using the values calculated 
by Bennett [77], the change in refractive index at A =  1.55p-m for a carrier concentration of 
is found to be approximately —0.008. Since the device investigated consists of n- 
and p-doped cladding layers surrounding an undoped active region, the effect of including 
doped layers is to increase the refractive index step between the active and cladding regions.
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This was found to reduce sensitivity in the waveguides modelled in chapter 2. It is therefore 
unlikely that neglecting the effects of doping in the model could have led to the discrepancy 
between the calculated and experimental values of sensitivity. The carrier concentration of 
injected carriers is of the same order as the doping concentration, so by a similar argument it 
is unlikely that the index shift brought about by injected carriers in the active region would 
have a large effect on the sensitivity, when the injection current is held at a constant level as 
was the case in these experiments.
Self-heating of the active region of a laser diode occurs due to ohmic heating from the 
electrical current, and from non-radiative recombination. Heat is conducted away horn the 
active region, either through the substrate layer to the temperature-controlled stage, or to 
the air via the upper cladding layer. Assuming the rates of heating and cooling are constant, 
and the device is in thermal equihbrium, the heat currents into and out of the active region 
are equal. The heat current is given by
f  = (3.8)
where dQ is the amount of heat flowing through a conductor in time dt, k  is the thermal 
conductivity of the conductor, A  is the cross-sectional area of the conductor and L  is the 
length of the conductor. %  is the temperature of the hotter region, in this case the active 
region, and Tq is the temperature of the cooler region, in this case the temperature of the air 
and the Peltier-cooled brass stage, which are both assumed to be at a constant 20°C. Figure
3.8 shows the major paths of heat flow out of the device, ignoring any heat lost from the sides 
and facets. By comparing the thermal conductivities of the substrate and cladding layers and 
the gold top contact layer with those of cellulose acetate and air, and by comparing the areas 
of the windows and the base of the device, we can see by inspection of equation 3.8 that a 
large majority of the heat is conducted away from the active region through the substrate. 
Therefore replacing air with cellulose acetate as the covering material of the windows will 
have very little effect on the rate of heat loss, and hence the internal temperature, of the 
device.
To summarise, the difference in thickness of the active region between the model and 
the real device is likely to be the main contributor to the greater-than-predicted sensitivity 
found in the modified laser, although other uncertainties may have contributed, such as 
different material parameters and defects in the stucture that could have arisen during the 
fabrication process. Thermal effects caused by the application of the polymer film appear to 
be insignificant, although these would need to be taken into account if the sensor is to be 
used with liquid samples that have a much higher thermal conductivity, and if the sensing 
area is to be made larger.
3.4.1.6 D etection  lim it
Using equation 1.2 we can estimate the detection limit of the device based on the calculated 
sensitivity and the resolution of the FSR measurements. The fundamental resolution of the 
FSR measurements depends on the resolution of the OSA, which was O.OSnm, However, the 
signal is also affected by noise, so a more realistic estimate of the resolution is given by the 
standard deviation of the FSR measurements. Each FSR measurement shown in figure 3.7 is 
an average of three repeat measurements. The standard deviation of these measurements is 
typically 1.4 x 10“^cm“ .^ To find the detection limit, sensitivity is calculated using equation
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is through the substrate.
1.1, where S  is defined as the change in signal with respect to the change in sample index. 
The symbol Ssignal has been used here to distinguish it from S  in equations 3.5 to 3.7 where 
S  is defined as the change in effective index with respect to cover index. Taking A F S R  as 
4 X 10“ “^, which represents the typical negative shift in FSR when a polymer layer is applied, 
and A/J.C as 0.43, we obtain:
^ s i g na l  —
^signal A F S R  4 x 10 - 4
3m, -  -  0,43 = 9 - 2 x 1 0 - ^ - - '  (39)
We now take this value of Sgignah and the minimum measureable change in FSR as one 
standard deviation, or Asignal^^„ =  1.4 x 10“ .^ Thus we can estimate the detection limit:
Asignal^i„ 1.4 x 10 ^
^signal 9.2 X 10 - 4 =  0.15 (3.10)
3.4.1.7 H eterodyne D etection  Limit
Using the technique of measuring the free spectral range, we can expect a minimum detectable 
refractive index change of 0.15, based on the experimental results obtained. This is much 
larger than that achieved by most commercial biosensors, so although the sensing technique 
has been demonstrated to work, further research is needed in order to optimise the sensing 
performance. One method of improving the sensitivity and reducing signal noise is to use 
DFB lasers instead of Fabry-Perot lasers, and to measure the heterodyne frequency of two 
lasers, one a sensing device and the other a reference, as described in section 1.5. A DFB 
laser emits at a single wavelength, which depends on the effective index of the cavity. The 
Bragg wavelength is given by equation 1.7:
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m —  = 2A (3.11)
Prom this equation we can show that the change in the Bragg wavelength due to a change in 
the cover index A/Hc is given by:
AAi =  a  (3.12)
Fef f  OjJic /^e//
Where S  is the sensitivity of the device with respect to effective index^ as given by equation 
3.4. Typical detection limits for commercial optical biosensors are around 1 x 10“®RIU. 
Equation 3.12 can then be used to find the shift in the Bragg wavelength brought about by 
an index shift of A^c  =  1 X 10“ ®. Using 5  =  1.5 x 10“® and /Ze// =  3.52 as calculated in 
section 3.4.1.4, and taking =  1.55/zm, we obtain:
AA, =  1-55x 1 0 -J x 1 x M -^ x 1 .5x10 -3  ^  ^
If the signals from two DFB lasers are mixed, the heterodyne frequency A /  is given by
" ((Â T Â Â ) ■ 1 )
where A is the wavelength of the reference laser and A +  AA is the wavelength of the sensing 
laser. W ith A& =  1.55/zm, a wavelength shift of AA =  6.6 x 10“ ®^ gives a heterodyne frequency 
of 82.5kHz. This signal could easily be measured with a photodetector and an electrical 
spectrum analyser or oscilloscope. This shows that using DFB lasers in an interferometric 
configuration could significantly improve sensitivity, as well as reducing noise due to transient 
temperature and current fluctuations. Note that here we have assumed tha t the DFB laser 
cavity has the same effective index and sensitivity as the Fabry-Perot cavity used in the 
experiments. DFB lasers have similar layer structures and material parameters to the Fabry- 
Perot devices used in this work, so the effective index and index shifts are likely to be similar.
3.4.1.8 R eproducibility issues
The results presented here proved difficult to repeat. This is likely to be due to the technique 
used to deposit the polymer film on the surface of the laser chip. It was hard to control 
the thidcness and adhesion of the polymer film to the surface of the chip. Variations in the 
thickness of a thin film on the surface of an evanescent field sensor have a strong eflfect on 
the effective index, as was shown in chapter 2, although here it was generally the case tha t 
the film was of the order 0.5mm thick, which is much larger than the penetration depth of an 
evanescent field. The adhesion of the film to the surface probably had a more significant effect 
on the results, as a bubble or layer of air trapped between the sensing surface and the film 
would result in a much weaker evanescent field in the film itself, and hence a weaker sensing 
effect. An attempt to overcome this problem was made by drying the device in a vaccuum 
oven after the polymer had been deposited. It was hoped that by drying in a vacuum, any 
trapped air bubbles would rise to the surface of the polymer solutuion before the film had set. 
However, because of the very small volume of polymer solution being deposited, the drying 
time was less than the time taken to put the sample into the oven. Another problem may 
have been the method of cleaning the device between measurements. The chip was rinsed
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in an excess of acetone to remove the polymer layer. If the chip had not been cleaned well 
enough, some polymer may have remained on the surface.
3.4.2 Free spectral range versus current and temperature
3.4.2.1 M ethod
Using the experimental setup described in the previous section, the FSR of an unmodified 
ridge waveguide laser was measured as a function of current and temperature. The device 
used was from the same wafer as the modified device in the previous section, but its cavity 
length was 1.3mm. Once the base temperature had settled, spectra were taken at fixed 
currents ranging from 20mA up to 100mA, at 5mA intervals. The spectrum was measured 
from 1580nm to 1600nm at a resolution of O.lnm. The FSR was then extracted as follows: 
the peak wavelength of each Fabry-Perot mode in the spectrum was found by fitting a curve 
to each peak. Then the reciprocals of each peak wavelength were found. The reciprocal 
wavelengths were plotted versus m, beginning at m =  1 for the longest wavelength. This gave 
a straight line whose gradient was equal to the free spectral range in reciprocal wavelengths, 
according to equation 3.3. Although tliis process was more laborious than the method used to 
calculate the FSR in the previous section, it was chosen because it sped up the data collection 
process significantly. Three successive sets of measurements were taken in this way at 20°C, 
25°C and 30°C.
3.4.2.2 R esults
The results are plotted in figure 3.9. Each point is the average of three measurements at 
each current, and the error bars show the standard error in the mean. Below 35mA, the 
FSR increases linearly with current, but above 35mA for 20°C and 25°C and 40mA for 
30°C the FSR begms to decrease again, although at a much slower rate. The current at 
which these “elbows” in the curves occur coincide with the threshold currents of the laser 
at those temperatures, which were measured as 36mA, 38mA and 40mA at 20°C, 25°C and 
30®C respectively. The overall FSR is also shifted to lower values at higher temperatures. 
Also shown is the effective refractive index versus current (figure 3.10), calculated from the 
measured free spectral range. The rates of change of effective index with injected current 
below and above threshold were obtained for each of the three base temperatures by 
fitting straight lines to the data in figure 3.10 and taking the gradients, and these values are 
presented in table 3.1.
20°G 25°C SO'^ C
below threshold 
above threshold
-7 .7  X 10-4 
3.5 X 10-s
-6 .1  X 10-4 
2.3 X 10-5
-4 .7  X 10-4 
4.7 X 10-5
Table 3.1: Rates of change of effective index versus current {m.A ^), below and above thresh­
old, for three base temperatures.
Below threshold, the carrier density in the active region increases with injected current 
according to equation 1.16. This causes a decrease in the refractive index due to the Moss- 
Burstein effect, as described in section 1.3.5. Above threshold, the carrier density is pinned,
i.e. remains constant, in an ideal laser. Although these devices are unlikely to be ideal.
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Figure 3.9: Free spectral range of unmodified ridge waveguide laser versus current, at base 
temperatures of 20°C, 25°C and 30°C.
we can see an abrupt change in the gradient of the effective index versus current plot in 
figure 3.10 once the injected current reaches threshold. Below threshold, the effective index 
decreases with injected current, as would be expected due to the increasing carrier density. 
Above threshold, the effective index increases with increasing current, which suggests that 
self-heating is now the main factor causing the refractive index to change.
In the experiment described in the previous section, the base temperature was held at 20°C 
and the current was maintained at 20mA, and a reproducible absolute shift in FSR of 4 x 
10~‘^ cm“  ^ was observed when a polymer film was deposited on to the surface of the laser 
chip. If we assume that the rate of change of refractive index with current is the same for 
that device and for the device measured here, we can calculate the change in current required 
to produce the same shift in free spectral range. Modifying equation 3.5, we obtain
d l  d n e f f  9 1
from which follows an expression for the change in current, AI:
(3.14)
- 1
(3.15)
Substituting =  -0.00018, /Xe// =  3.52 and =  -7 .7  x from table
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Figure 3.10: Effective refractive index, calculated from measurements of free spectral range, 
as a function of current. The rates of change of effective index with current were obtained by 
fitting straight lines to the data below and above threshold.
3.1, we obtain:
A I  = 0.00018 X 3.527.7 X 10-4 =  0.8mA
So a change in current of 0.8mA is needed to cause the shift in free spectral range observed 
in figure 3.7. Note that we have assumed that the rate of change of refractive index with 
current is the same for the l.Sfim long device and for the 650/im  device. However, the 
refractive index is dependent on current density A, which is related to the injected current
I. The change in refractive index with respect to current can be written
dfJ^eff  ^  d f l e f f  d N  
d l  ~  d N  d l
and the dependence of current on carrier density is given by equation 1.16:
I  = eV [a n  + BN ^ + CN ^) + luak
(3.16)
(3.17)
Assuming one of the recombination mechanisms (defect, radiative or Auger) is dominant and 
the others can be neglected, the rate of change of carrier density with current ^  can be 
written:
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d N  1 d N  r i ~ , _ i  dN 2
d l  eVA d l  y  e V B ^  " d l  S  eV C ^  ^
The active region volume (V in equation 3.17) in the longer device used here to measure 
is twice tha t of the shorter device used in the polymer film experiment, so we can substitute 
V/2  for V  in equation 3.17. Therefore, we can see from equation 3.18 that and hence 
in the shorter device will be between 2 and ^  times larger than in the longer device. 
Therefore, from equation 3.15:
A I  (short device)) = between 2 Y 2
or
0.4mA < A I  {short device)) < 0,6mA (3,20)
In the polymer deposition experiment, the current flow was carefully controlled using a preci­
sion current source with a precision of 0.05mA, to minimise wavelength fluctuations caused by 
current noise. However, in a practical portable sensor, such precise control adds complexity. 
It would therefore be advisable to operate the laser above threshold, since the rate of change 
of FSR with current is much lower.
The sensor response to temperature at a fixed current can also be estimated by fitting a 
straight line to the three data points taken at each of the three base temperatures measured 
for a fixed current. The gradients of these straight lines give the refractive index dependence 
on base temperature, or . The rate of change of refractive index with respect to tem­
perature is always positive, as would be expected due to the bandgap shrinkage effect. At 
20mA, is 6.1 X 10~4oq- i . Modifying equation 3.15, we obtain an expression for the 
temperature shift that would be required to produce the shift in FSR observed in figure 3.7:
= (3.21)
So a temperature shift of 1.0°C would be required to produce the observed shift. In the 
experiment, the base temperature was controlled to within ±0.1°C by a thermoelectric tem­
perature controller. However for portable applications this temperature sensitivity could be 
reduced by measuring the heterodyne signal of two lasers mounted on the same chip, therefore 
exposing both devices to the same temperature fluctuations.
3.5 Sum m ary
In this chapter, experiments were performed to test the idea of using semiconductor lasers as 
biosensor chips. An InGaAsP 1.55/zm ridge waveguide laser was modified using FIB to create 
a sensing region on the surface of the chip. Then the free spectral range of the laser was 
measured before and after a cellulose acetate film was deposited on the sensing area. These 
measurements were repeated twice, by removing and re-applying the polymer. At an injection 
current of 20mA and a base temperature of 20°C, a reproducible negative shift in the free 
spectral range was observed when the polymer film was applied to the sensing surface. Based 
on this result, the sensitivity of the device was estimated as 1.5 x 10” .^ This was better than 
expected from simulations, but the reason for this discrepancy is probably due to a thinner
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active region, and hence a more leaky mode, in the real device than in the model. Based 
on the resolution of the detection equipment and noise considerations, the detection limit of 
the device was estimated at 0.15 RIU. Therefore, although the sensing principle has been 
demonstrated, more research is needed into optimising the device to achieve the sensitivity 
required for biosensor applications. One way in which the sensitivity could be improved is by 
using heterodyne DFB lasers, and it was shown tha t the detection limit could be improved by 
several orders of magnitude using this technique. The results were also difficult to reproduce 
due to the difficulty of controlling the polymer deposition process, so in future investigations 
a more sophisticated method of sample delivery is required.
The change in free spectral range induced by increases in current and temperature were also 
investigated. Below threshold, the changing carrier density has a strong influence on the 
refractive index, but above threshold when the carrier density is pinned, self-heating is the 
dominant effect. Based on these results, a current fluctuation of approximately 0.6mA was 
calculated to cause the same shift in free spectral range as that caused by application of the 
polymer layer, when the laser is operating at a fixed current of 20mA and base temperature 
of 20°C. This result suggests that operating the laser above threshold would reduce noise 
in the signal, because the rate of change of refractive index with respect to current is lower. 
Also it was calculated that at a fixed current of 20mA, a base temperature fluctuation of 
1°C is needed to produce the observed FSR shift when the polymer layer was applied. This 
temperature sensitivity could be controlled by using the heterodyne DFB laser technique, 
w ith both devices mounted on the same chip and therefore subject to the same temperature 
variations.
Chapter 4
O ptical Characterisation
4.1 Introduction
This chapter describes the measurement of the refractive index of spin-coated polymer films. 
The refractive index of polymer films is of interest to this project because they can be used 
as test samples with known refractive indices, to characterise the response of the proposed 
semiconductor laser biosensors. However, although the refractive indices of polymers are well 
known at wavelengths in the visible range and in the mid-infrared, there seems to be very 
little published data at the wavelengths of interest to this work, i.e. 1500 — IGOOnm. The 
refractive indices of four different polymers (PMMA, PVC, PVA and cellulose acetate) were 
therefore measured using spectroscopic ellipsometry.
4.2  Background
4.2.1 Polarised light and Presnel coefScients
A plane polarised electromagnetic wave incident on a reflective surface can be s- or p-polarised. 
In s-polarisation, the electric field vector is parallel to the surface, and the magnetic field 
vector is parallel to the plane formed by the incident and refiected rays. In p-polarisation the 
magnetic field vector is parallel to the surface and the electric field is parallel to the plane of 
incidence. These two polarisations are analagous to TE and TM polarisation described in the 
discussion on waveguides in chapter 2. A ray diagram showing the reflected and refracted rays 
is shown in figure 4.1. An eliptically polarised wave has an electric field vector that rotates 
in the x-y plane with time. Such a wave can be considered a mixture of s- and p-polarisation, 
and can be resolved into its components and Ey, with their own amplitudes and phases 
[85].
When eliptically polarised light is reflected at an interface between two media with differ­
ent refractive indices, the ratios of the amplitudes of the reflected and transmitted waves are 
given by the Presnel equations [86]:
E r \  _  _ ta n ( 0 Q - ^ i )  _  _  2 s i n c o s .
s j p  tan(i9o +  «i) ’ ~  sin(6io +  »i) cos (»o -  «1)  ^ ^
for p-polarisation and
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Figure 4.1: Ray diagram for an electromagnetic wave incident on an interface between two 
media, w ith refractive indices N q and iVi, where N q < Ni. 6q and 9i are the angles of incidence 
and refraction, respectively, s and p indicate the direction of the electric field vector in s- and 
p-polarisation, respectively, and the dotted line indicates the normal to the interface.
ËLEi
sin {$0 -  ôi) E lEi
2 sin 9i cos % (4.2)sin(^o +  ^i) ' K ^iJ s  * sin(^o-f ^i)
for s-polarisation, where E^ and Et are the amplitudes of the incident, reflected and 
transm itted waves, respectively.
As we can see from equations 4.1 and 4.2, the relative phases and amplitudes of the incident 
and reflected waves are different for s- and p-polarisation. Therefore when the incident wave 
is elliptically polarised, the reflected wave will have a different polarisation due to the different 
reflection coefficients.
4 .2 .2  R eflec tio n  E llip som etry
A reflection ellipsometer measures the states of polarisation of incident and reflected waves on 
a surface, from which information can be deduced about the optical properties of the surface. 
The Fresnel coefficients of reflection given by the above equations are generally complex, and 
can be re-written
\r„\ & r.o =  r.c (4.3)
where |rp| and |rg| are the amplitude ratios of the incident and reflected waves in p- and 
rp axiu. Kjrs are the phase shifts experienced by the wave upon reflection.s-polarisation, and nd 5r
The ratio of the reflection coefficients in the two polarisations is often written
|rs| (4.4)
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where tan-0 =  and A  = ârp ~  Srs- By substituting for Tp and in equation 4.4 using 
equations 4.1 and 4.2 and making use of Snell’s Law, it can be shown that
. .-  =  sm«o l + ( ^ )  tan^So (4.5)
So if the refractive index of the incident medium N q  is known, the index of the second medium 
N i  can be found by measuring p  and 9q . In a rotating analyser ellipsometer, polarised light 
reflected from the sample enters a continuously rotating polariser known as the analyser 
before entering a detector. /?, ^  and A can then be calculated from the detected intensity 
as a function of time [87]. When the system is more complicated than a simple interface 
between two media, such as a multiple layer system, a model of the system with known 
optical properties, including refractive index and layer thickness, is used to predict the optical 
constants measured by ellipsometry [88]. The parameters of the model are then varied until 
the calculated data matches the measured data as closely as possible. These parameters are 
then taken to be an accurate representation of the true properties of the sample.
4.3  Spin-coating
Ellipsometry is suitable for measuring the refractive index of thin transparent films. Therefore, 
to create samples suitable for this type of measurement, polymer films were deposited on 
pieces of silicon wafer (which has been well characterised by ellipsometry) by spin coating. 
The polymers are supplied in powder form, which is then dissolved in a suitable solvent at 
a concentration of 1% (w/v). The polymers and solvents used in this work were: cellulose 
acetate (CA) in acetone, polyvinyl acetate (PVA) in water, polyvinyl chloride (PVC) in 
tetrahydrofuran (THF) and poly methyl methacrylate (PMMA) in acetone. The spin-coating 
process is as follows: a piece of silicon wafer is mounted on a spinning jack and held in place 
by a vacuum. The wafer is then spun at 2200 rpm for 60s. As the wafer begins to spin, lOOju^  
of polymer solution is dropped on to the centre of the spinning wafer using a micropipette. 
The drop rapidly spreads over the surface of the wafer and the solvent evaporates, leaving the 
wafer coated in a thin polymer film. Figure 4.2 shows a diagram of the spin-coating setup. 
Two samples of each polymer were prepared in this way.
4 .4  E llipsom etry
A spectroscopic ellipsometer was used to obtain the angles A and ^  for each sample, at 
wavelengths from 400-1000nm, in steps of 20nm, and at three angles of incidence: 65°, 70° 
and 75°. The data from each scan were used to obtain the thickness and refractive index of 
the film using proprietary software WVase32 from J.A. Woollam Go. Inc. The data was fitted 
to a model wliich assumes tha t the layer structure of the sample consists of a semi-infinite 
substrate layer of silicon, a thin film of silicon oxide above this, and finally the polymer film, 
which is then covered by the ambient medium, in this case air. Figure 4,3 shows a diagram 
of the layer stack modelled.
The variation in index of the film with wavelength was assumed to follow a Cauchy 
relationship of the form:
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Figure 4.2: Diagram of spin-coating setup.
(4.6)
where n is the refractive index, A is the wavelength and A and B are fitting parameters. The 
Cauchy model is a good approximation when the material is isotropic and non-absorbing in 
the wavelength range under consideration [89]. The film thicknesses were also obtained using 
the fitting software, and were found to vary from 22.6nm for PVC, to 186.3nm for CA.
4.5 R efractive index curves for polym er films
The refractive index versus wavelength curves calculated from the ellipsometry data are shown 
for each polymer in figures 4.4 to 4.7. From A =  400nm to A =  lOOOnm, the refractive index 
values are extracted directly from the ellipsometry data using the Cauchy model described 
above. Above A =  lOOOnm, the refractive index curve is extrapolated using the values of A 
and B generated by the fitting software, due to the wavelength limit of the ellipsometer. These 
plots are representative of the results obtained from measuring two samples of each polymer. 
From these measurements, an average of the two refractive index measurements at A =  589nm 
was obtained for each polymer, and these values are compared to the values published in [90] 
in figure 4.8. As can be seen in the figure, there is some discrepancy between the experimental 
data and published values for all four polymers. Differences between the experimental and 
published values are likely to arise from two sources. First, some polymers, particularly 
PMMA, are prone to swelling due to absorbtion of water when in humid environments [91]. As
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Figure 4.3: Diagram of layer stack modelled by the fitting software, consisiting of a semi­
infinite silicon substrate, a thin silicon oxide layer and the polymer film, covered by a semi­
infinite layer of air.
the humidity during these measurements was not controlled, the samples may have absorbed 
moisture, thereby changing their optical properties. Another explanation may be due to the 
spin-coating process. The density of spin-coated films is not necessarily that of the bulk 
polymer, due to the molecules being frozen in non-equilibrium positions during spin-coating. 
The bulk refractive index cam be recovered by an annealing process, as in [92]. The refractive 
indices of the polymers at A =  1560nm as calculated by extrapolation from the experimental 
results are shown in figure 4.9.
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Figure 4.4: Refractive index versus wavelength for spin coated PMMA film. Above A =  
lOOOnm, the data is extrapolated using the fitting constants A and B generated by the fitting 
software and the Cauchy equation (equation 4.6).
76 S e m ic o n d u c to r  L a sers  a s  M in ia tu r e  B io se n so r s
measured
extrapolated
1.600
1.595
1.590
1.585
1.580c
1.575
1.570
1.565
1.560
400 600 800 1000 1200 1400 1600
X  /nm
Figure 4.5; Refractive index versus wavelength for spin coated PVA film. Above A =  lOOOnm, 
the data is extrapolated using the fitting constants A and B generated by the fitting software 
and the Cauchy equation (equation 4.6).
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Figure 4.6: Refractive index versus wavelength for spin coated PVC film. Above A =  lOOOnm, 
the data is extrapolated using the fitting constants A and B generated by the fitting software 
and the Cauchy equation (equation 4.6).
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Figure 4.7: Refractive index versus wavelength for spin coated CA film. Above A =  lOOOnm, 
the data is extrapolated using the fitting constants A and B generated by the fitting software 
and the Cauchy equation (equation 4.6).
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Figure 4.8: Average measured refractive index at A =  589nm for each polymer tested com­
pared to the published value from [90].
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Figure 4.9: Average refractive index at A =  1560nm from extrapolated experimental data.
4.6 Sum m ary
The refractive indices of thin films made from spin-coated polymers were measured by el­
lipsometry. The refractive indices of polymer films are of interest to the development of a 
laser biosensor as polymers can be used to form test layers with known refractive indices 
on the surface of the sensor, and the sensitivity of the sensor can be characterised this way. 
However, published data on the refractive indices of polymers in the wavelength range of 
the lasers being studied (1500-1600nm) appears to be scarce. Four polymers were tested: 
polymethy 1-methacrylate, polyvinyl chloride, polyvinyl acetate and cellulose acetate, and at 
A =  1560nm they were estimated to have refractive indices ranging from 1.40 (PMMA) to 
1.54 (PVA), which is a similar range to that of adsorbed protein layers [93], making them 
suitable calibration samples. Some variation from published values was found in the refractive 
index of these polymers at A =  589nm. This was thought to be due to absorbtion of water 
from the atmosphere, and the non-equilibrium orientation of molecules in a spin-cast film.
Chapter 5
Latex Im printed Polym ers for 
B iosensing A pplications
5.1 Introduction
A crucial part of any biosensor is the molecular recognition element, and a significant challenge 
when designing evanescent field sensors is the immobilisation of the biorecognition molecules 
to the sensor surface. Physical adsorption to the surface is one of the simplest techniques, but 
carries significant disadvantages, particularly because of the reversibility and non-uniformity 
of the attachments. Direct covalent attachment is also possible using silanes and cross-linker 
molecules, but this approach requires some complex chemistry. The novel approach presented 
here uses latex beads coated with immobilised biological molecules and embedded in a poly­
mer membrane [98]. Companies such as Polysciences Inc. [96] supply latex beads in a range 
of sizes from 200nm - 2jim. diameter, functionalised with a variety of biomolecules includ­
ing antibodies. In this investigation, it was attempted to create a biologically active sensing 
surface by embedding latex beads conjugated with an antibody for the antigen C-reactive 
protein (CRP) into a cellulose acetate membrane. A suspension of latex particles is deposited 
on to the sensor surface by spin-coating. Next, a solution of cellulose acetate is spin-coated 
over the particles, creating a membrane thinner than the diameter of the particles, so that 
the particles are left partially exposed. The process of creating this imprinted membrane 
is illustrated in figure 5.1. The advantage of this approach would be to provide a  biologi­
cally active surface for a biosensor, without the need for complex chemistry to attach the 
biorecognition molecules to the sensor surface. In addition, it was hoped that it would be 
possible to re-use the membrane by selectively dissolving the latex beads, leaving imprints in 
the membrane. Then a fresh solution of latex beads can be passed over the surface, so that 
the beads may be physically re-captured by the imprints. The solvent tetrahydrofuran (THF) 
dissolves latex, but does not attack cellulose acetate, so is a suitable solvent for selectively 
removing the particles. The main challenges are to optimise the distribution of latex beads 
on the sensor surface and to preserve the biological activity of the antibodies, and to optimise 
the experimental conditions for rebinding of fresh latex beads.
The quartz crystal microbalance (QCM) [99], [100] was chosen as a test system for the pro­
posed sensor surface because it is a well-established and highly sensitive mass-sensor (see next 
section). The bioreaction between antibody-conjugated particles and their corresponding anti­
gens can be sensed as a change in surface mass when the antigen binds with the antibody
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on the particles’ surfaces [101]. This signal is then further enhanced by exposing the surface 
to more antibody-conjugated particles, which become attached to any bound antigen. This 
results in a further mass increase and a much stronger signal than would be obtained simply 
by using a solution of antibody, thanks to the much larger mass of the latex particles. This 
technique is known as a latex-enhanced sandwich immunoassay, and is illustrated in figure 
5.3. However, the latex-imprinted polymer membrane should be equally useful in optical 
biosenors, because of the significantly larger refractive index change caused by binding of 
antibody-conjugated latex particles to the surface, as opposed to “free” antibodies. Latex 
particles have been shown to improve detection limits in an optical biosensor by up to three 
orders of magnitude [94].
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Figure 5.1: Process used to create a latex-imprinted polymer membrane on a QCM electrode. 
A: antibody-conjugated latex particles are spin-coated onto the electrode surface; B: cellulose 
acetate is spin-coated onto electrode surface; C: Latex beads are selectively dissolved by 
washing with THF; D: fresh latex particles in solution rebind to imprinted polymer.
5.2 T h e Q uartz C rystal M icrobalance
The quartz-crystal microbalance is a piezoelectric mass sensor that detects changes in mass 
on the surface of a thin disk of quartz. The change in resonant frequency of the quartz crystal 
is a function of adsorbed surface mass, according to the Sauerbrey equation [95]:
A f  = - 2 / § A m (5.1)A{pql^qŸ^^
where A /  is the change in resonant frequency. Am is the change in surface mass, /o is 
the fundamental frequency of the crystal, A  is the area of the crystal, pq is the density of 
the quartz and Pq is the shear modulus of the quartz. The quartz disk itself has gold plate
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electrodes on the upper and lower surfaces (see figure 5.2), and these are connected to an 
impedance analyser which measures the impedance of the crystal as a function of frequency. 
The resonant frequency can be extracted from the frequency at which the impedance reaches 
a minimum.
E lectrod e
L ead  w ires
Q uartz
f o c it
Figure 5.2: The quartz crystal microbalance. The fundamental frequency of the quartz is a 
function of the thickness t.
5.3 O ptim ising th e  d istribution  of particles on a Q CM  surface
The objective here was to achieve maximum number density of particles on the QCM surface, 
w ith minimal clustering and a high degree of uniformity in the distribution. Simply allowing a 
drop of latex particle suspension to dry on the surface resulted in the particles being unevenly 
distributed and clustered. Spinning at a slow speed for a relatively long period, while allowing 
the drop to dry in a controlled fashion, followed by a short period of high-speed spinning to 
remove any lingering drops was thought to be the best method. To confirm this, a 50pl drop 
of a solution of fluorescent particles was spin-coated on to the surface of a quartz crystal with 
a gold electrode. The spin-coating speeds and times were 900s at SOOrpm followed by 10s 
at 2000rpm. The particles used were fluorescent labelled latex particles suspended in water 
at a concentration of 0.026%(w/v) (diluted by 1:100 from the original 2.6%(w/v) solution). 
Two particle sizes were used: 0.2pm and 2pm  diameter. Two crystals were prepared for 
each particle size. The crystals were then imaged using a fluorescence microscope (figures 5.4 
and 5.5). In some areas the particles were quite well dispersed and uniformly distributed. 
However, in other areas it was found either that almost no particles were visible, or the 
number density was very high in small areas (i.e. the particles were clustered together).
In an attempt to improve the number density and uniformity in distribution of the parti­
cles, a surfactant (Tween (20)) was added to the particle solution, which was then spin-coated 
on to the QCM surfaces in an identical manner to that mentioned above. Four sample so­
lutions were tested, as shown in table 5.1 (note, only 0.2pm particles were used this time). 
The surfaces were then imaged again using fluorescent microscopy (see figures 5.6 - 5.9). 
Figure 5.9 shows a high number density of particles, but they are still well dispersed. This 
mixture was chosen to prepare the quartz crystal surfaces.
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Figure 5.3: Sandwich immunoassay process. Particles with antibodies are immobilised on the 
surface by the membrane. The antibody specific analyte (or antigen) binds to the antibodies, 
causing a change in adsorbed mass and also a change in effective refractive index of the layer. 
Finally more particles with antibodies are bound to the already bound antigen, increasing 
the change in mass (and refractive index).
Figure 5.4: 0.2pm particles diluted by 1:100 in water on QCM surface, 
clustering can be seen on the right.
An example of
Surfactant Percentage (v/v) Particle Dilution Figure
0.01% 1/100 5.6
0.01% 1/50 5.7
1% 1/100 5.8
1% 1/50 5.9
Table 5.1: Surfactant percentage and particle dilution of particle solutions tested
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Figure 5.5: 2/xm particles diluted by 1:100 in water on QCM surface. Once again the particles 
are clustered together.
Figure 5.6: 0.2/zm particles diluted by 1:100 in 0.01% Tween(20) solution on QCM surface. 
The particles are less clustered but number density is low.
Figure 5.7: 0.2/im particles diluted by 1:50 in 0.01% Tween (20) solution on QCM surface. 
Here we see higher number density but very non-uniform distribution.
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5.4 Im aging P article R em oval and R ebinding
An attem p t was made to image the QCM surfaces prepared with fluorescent latex beads, 
before and after depositing the cellulose acetate membrane, after treatment with THF and 
after subsequent re-exposure to particle solution, using fluorescent microscopy. Four crystals 
were prepared: two with 0.2/xm particles and two with 2fim particles. The dilution used was 
1/100 in all cases, and the spin-coating times, speeds and volumes for the particle solutions 
were the same as above. Note, no surfactant was added to the particle solution in this case. 
Then a solution of 5%(w/v) cellulose acetate in 1-4 dioxane was spin-coated over the particle 
layer at a speed of SOOOrpm for 60 seconds. The volume used was 50//Z. Next, the crystals were 
washed three times in THF, by immersing in the solvent and mixing with a pipette. Finally, 
the crystals were exposed to the particle solution again, by depositing a 50^1 drop on to the 
crystal surface, leaving for flve minutes and then washing three times with water. The crystal 
surfaces were imaged with fluorescent microscopy before and after each stage in this process. It
Figure 5.8: 0.2fim particles diluted by 1:100 in 1% Tween (20) solution on QCM surface. 
There is a high number density of particles on the left, and a low number density on the 
right, where the particles have been unevenly deposited.
Figure 5.9: 0.2//m particles diluted by 1:50 in 1% Tween (20) solution on QCM surface. These 
images show a high number density of well-dispersed particles.
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was very difficult to image the exact same area of the crystal surface after each stage; however 
an attempt was made to identify a specific area of the crystal surface by scoring a cross in the 
cellulose acetate membrane. The particles were still visible after deposition of the polymer, 
although the fluorescence intensity was reduced. Washing with THF appeared to remove the 
particles very effectively: almost none were found under the fluorescent microscope on any 
surface after the THF treatment. After the particle rebinding stage, many more particles were 
observed on the surface than were originally present. This suggests a large amount of non­
specific rebinding, i.e. particles randomly sticking to the membrane w ithout necessarily having 
been recaptured by the imprints left in the membrane. The problem may have been with the 
method of exposure to the particle solution: the deposition of a drop followed by rinsing in 
water while the crystal surface was lying horizontally facing upwards resulted in a number of 
very small water droplets remaining on the surface after washing. Any particles contained in 
these droplets would have been randomly deposited on the surface as the water evaporated. 
To eliminate this problem, an alternative experimental setup was used for resonant frequency 
measurements on the quartz crystals, as described in the next section.
Examples of the fluorescent microscope images obtained are shown in figures 5.10 - 5.13. 
Note, these are images of the same surface but not the same location.
Figure 5.10: 0.2^m fluorescent particles spin-coated on QCM surface before cellulose acetate 
membrane deposition.
5.5 R esonant Frequency M easurem ents (1)
Four crystals were prepared by spin-coating particle solution followed by cellulose acetate 
using the protocol described above. The surface types are summarised in table (5.2).
The resonant frequencies of the QCMs were measured using an impedance analyser (HP 
4294A). The crystal was mounted upside down in the fixture and a miniature jack was used 
to immerse and remove the crystal from various fluids contained in 0.5 — 1ml beakers. The 
electrode with no membrane was isolated from the liquid to avoid short-circuiting by means 
of a second unpolished quartz crystal stuck over the back of the crystal with silicone putty in 
such a way as to leave a small air gap over the electrode itself (see figure 5.14). A magnetic 
stirrer was used to agitate the mixture during immersion (see photograph, figure (5.15)). 
Initially, the crystals were immersed in THF to remove the latex particles while leaving the 
membrane intact. This resulted in a sharp increase in resonant frequency, from an initial
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Figure 5.11: 0.2/im fluorescent particles on QCM surface with cellulose acetate membrane 
deposited over the particles.
Figure 5.12: QCM surface after treatment with THF (typical view) - all fluorescent particles 
appear to have been removed.
Figure 5.13: QCM surface after treatment with THF, subsequently exposed to 0.2/im particle 
solution and then washed with water.
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value of 8.964MHz rising to 8.972MHz when the crystal was removed from the THF at 27 
minutes, and finally settling at 8.984MHz. Next, the crystals were immersed in a suspension 
of latex particles to allow particle rebinding to take place, followed by washing in water to 
remove any loosely bound particles. Figure (5.16) shows the resonant frequency data in real 
time for an experiment on sample 2 (imprinted with bare particles). It can be seen that 
any changes in resonant frequency brought about by rebinding of particles to the surface are 
negligible compared w ith noise levels. It is possible that the interaction between the particles 
and the surface has a very low cross-section, hence it may be that changes can only be seen 
over a greater length of time than those shown here. It is unclear why such a large increase 
in resonant frequency was observed after the initial immersion in THF, but one explanation 
may be that the membrane was being eroded or loose material was falling away.
5.6 A F M  and SEM  Im aging o f Q CM  Surface
To ascertain whether the membrane had remained intact during the washing and rebinding 
procedures, and had indeed been imprinted by the particles, the surfaces were imaged using 
AFM and SEM. The crystal used in the above experiment, and an unused crystal tha t had 
been coated with a CA membrane but no particles, were imaged. In the AFM images of the 
imprinted surface (figure (5.17)), we can see indentations, but their depth is less than 20nm, 
and it is unclear whether these have been made by the particles, since similar cavities can be 
seen on the non-imprinted membrane (figure (5.18)). However, under the SEM we can clearly 
see 0.2/xm-sized holes in the membrane of sample 2 (imprinted - see figure (5.19)) which are 
not present in sample 4 (non-imprinted control - see figure (5.20)). We can also see larger 
holes in the membrane in both samples, suggesting that the membrane is not continuous or 
evenly distributed. In the case of the imprinted membrane, this may be due to the fact that 
the particle density on the surface was too high for the membrane solution to distribute itself 
evenly around the particles. However it is less clear why this would happen in the case of 
the non-imprinted membrane. Note that this sample was prepared by spin-coating buffer 
solution with surfactant (but no particles) prior to depositing the membrane. The surfactant 
may have contributed to poor adhesion of the membrane to the crystal surface.
Sample no. Particle type Particle solution Membrane solu­
tion
1 0.2/im Anti-CRP 
coated
2.6:50 dilution in 
1% tween(20)
5% CA
2 0.2/im bare latex 1:50 dilution in 
1% tween(20)
5% CA
3 None (control) NA 5% CA
4 None (control) 1% tween (20) 5% CA
Table 5.2: QCM surface preparation. Note, the anti-CRP coated particles were supplied in 
a 1% (w/v) suspension so the dilution has been adjusted to match that of the fluorescent 
particles used in the optimisation study (section 5.3).
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'S ilic o n e  putty
U n p o lish ed  quartz crystal 
/  (w ithout e ie c tr o d e s)
Air g a p
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I
Figure 5.14: QCM modified for immersion in liquids: One electrode is isolated from the liquid 
by glueing an unpolished crystal with no electrode to the back of the QCM with silicone putty. 
The wires and holder are also coated with silicone putty to avoid short-circuiting the crystal 
when immersed in liquids.
Fixture
Quarb
crystal
0.3-1ml 
beaker with 
stirrer chip
Impedanc
Analyser
M a g n etic
M inijack
Figure 5.15: Experimental setup for resonant frequency measurements with impedance anal­
yser.
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Figure 5.16: Resonant frequency as a function of elapsed time for QCM imprinted with 
0.2/im bare latex particles. The initial resonant frequency was 8.964MHz. This increased 
dramatically when THF was added.
\
Figure 5.17: AFM image of surface of QCM with CA membrane imprinted with 0.2/im bare 
latex particles (sample 2) after experiment.
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Figure 5.18: AFM image of sample 4: unused QCM surface with 5% CA membrane (non- 
imprinted).
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Figure 5.19: SEM images of QCM with CA membrane imprinted with 0.2/zm bare latex 
particles (sample 2) after experiment (scale shown on photographs).
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5.7 R esonant Frequency M easurem ents (2)
5.7 .1  F undam ental F requencies o f  th e  C rysta ls
The fundamental frequencies of all the crystals used in the following section were obtained by 
cleaning the crystals with THF and 1-4 dioxane, and then measuring the resonant frequency 
on the impedance analyser. The results are shown in table 5.3.
Sample identifier Frequency/Hz Uncertainty/Hz
A 8982410 20
5 8986300 20
6 8984145 25
3 8988445 60
Table 5.3; Fundamental frequencies of crystals
5 .7 .2  R eson an t frequency versu s t im e  m easu rem en ts
To improve surface adhesion of the CA membrane, two new crystals were prepared using 
the same protocols as for samples 1 and 4 in table 5.2. The crystal with no particles but 
a CA membrane was labelled sample 5, and the crystal with a membrane imprinted with 
anti-CRP conjugated particles was labelled sample 6. However, the cellulose acetate was
I Q  u t» V  i V a u  - O i f »
Figure 5.20: SEM images of sample 4: unused QCM surface with CA membrane only (non- 
imprinted).
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spin-coated at the slower speed of 2000rpm to produce a thicker membrane. The crystals 
were exposed to a series of GRP antigen and bioconjugated particle solutions to look for 
any binding between the particles and the antigen. Figure 5.21 shows the frequency traces 
for the immunoassay and particle rebinding processes carried out using the QCM imprinted 
with anti-CRP conjugated particles (sample 6). Plot A shows the frequency trace obtained 
during immersion in CRP solution followed by water, and plot B shows the trace obtained 
when the crystal was immersed in fresh immunised particle solution, followed by water. In 
plots A and B of figure 5.21, the resonant frequency increases upon immersion in a liquid, 
contrary to the expected result of a decrease in frequency upon immersion. The reason for 
this is unclear, but it may be due swelling or leaking of the sealant insulating the unmodified 
QCM electrode. The signal also became very noisy during this time. However, in the “dry” 
condition the signal returned to normal. Points a-g in plot A are labelled to show the points at 
which the resonant frequency had settled to a constant value when the QCM had dried after 
removal from the previous solution. The resonant frequencies at points b and c are slightly 
higher than at point a, indicating a loss of surface mass. Subsequently, there is a decrease in 
resonant frequency of the order of 0,5kHz between points c and d and points e and f, and a 
similar increase in frequency between b and c, d and e, and f and g. This indicates an increase 
in surface mass after immersion in CRP, but a similar decrease after washing. Taking the 
fundamental frequency of this crystal (sample 6) to be 8.984145MiT^: (see section 5.7.1), and 
using A /  =  ±0.5A;Lf;z, A — 0.16cm^, pq = 2.Q4:8gcm~^ and pq = 2.947 x [99],
the average mass change can be estimated using equation 5.1:
Similarly in plot B, there is an increase in surface mass between points a and b of ap­
proximately 0.9/tg, following immersion in particle solution, but this is cancelled out by an 
increase in mass of the same magnitude between points b and c after washing in water. These 
results suggest tha t if any antibody or antigen binding is taking place, it is loose non-specific 
binding, and is reversed by washing in water. The mass increases observed in plots A and B 
after immersion in CRP and particle solution may also be due to despoition of salts from the 
buffer solution in which the CRP and latex particles are suspended.
Plot C shows the trace obtained for a sequence of immersion in THF to dissolve the 
latex beads, followed by a long immersion in a solution of latex particles to look for particle 
rebinding; the crystal is then washed in water three times before being immersed in CRP 
solution to  look for an immunoreaction between the CRP antigen and and particles that had 
re-attached to the surface. The crystal was washed in water again, then immersed in particle 
solution and washed a final time before being rinsed with THF again. A small decrease 
in frequency was observed during immersion of the QCM in anti-CRP conjugated particle 
solution over a period of approximately 125 minutes: the frequency did not completely recover 
after washing in water, and the overall change was 1500Hz, from 8.984MHz to 8.9825MHz. 
Using equation 5.1 with the same constants as above, the mass change is estimated at 4-1.3/zg'.
It was possible that the immunoreaction between CRP and the antibody was not taking 
place due to  denaturing of the antibody during the washing and drying processes. It was 
therefore decided to carry out aU subsequent experiments in buffer only, i.e. with no drying, 
and washing only in buffer. The buffer used was PBS, lOmM. A fresh QCM (labelled sample 
A) was prepared in a procedure identical to tha t of sample no. 1 in table 5.2, and sample 6
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Figure 5.21: Plots showing resonant frequency versus elapsed time of QCM imprinted with 
0.2/xm immunised particles (sample 6). A: initial binding of CRP antigen; B: binding of 
immunised particles to antigen; C: removal and rebinding of immunised particles followed by 
washing with water and binding of CRP antigen (scale is adjusted to show frequency changes 
after initial wash with THF in which the frequency drastically increased by 33.5kHz).
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used in the experiment described above. The crystal was then immersed in the solutions using 
the setup used previously, but was not allowed to dry: when changing the solution the crystal 
was removed from the liquid, the beaker immediately replaced and the crystal re-immersed. 
The only points at which the crystal was allowed to dry were at the points when an entire 
immunoassay procedure had been carried out and no more immunoreactions were required 
(e.g. just prior to removing all latex particles from the surface with THF). Figure 5.22 shows 
the result of this experiment.
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Figure 5.22: Plot showing resonant frequency versus elapsed time of QCM with 5% CA mem­
brane imprinted with 0 .2 / im  immunised particles (sample A) during immunoassay, removal 
and rebinding of particles and second immunoassay.
Several important observations arose out of this experiment:
• No part of the crystal was left above the surface of the liquid, however the frequency is 
dependent on the depth of immersion of the crystal in the liquid. This was believed to 
be due to a combination of surface tension and acoustic effects due to the small size of 
the beaker used to contain the liquid. The effect can be seen in the plot in figure 5.22: 
the fluctuations in the resonant frequency between t=80min and t = 106min were caused 
by adjusting the depth of immersion by l-5mm. Between t=107min and t=150min, a 
larger container was used (vol % 8m/, diameter =3cm). When the immersion depth was 
adjusted, the effect on the resonant frequency was less pronounced, but still observable. 
The depth of immersion of the crystal was a very difficult variable to control precisely 
with the setup being used, and appeared to have a greater effect on the frequency 
than any effect of adsorbed surface mass. This could have severe implications for the 
repeatability of the experiment.
As in the previous experiment shown in figure 5.21, there is a slow decrease in reso-
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nant frequency during the particle rebinding stage (i.e. when immersed in immunised 
particle solution and PBS). A white film could be seen on the crystal surface after the 
rebinding and immunoassay stages (exposure to CRP, washing in PBS, exposure to 
more particle solution and final washing) had been completed. This was still present 
after washing with THF, but was removed by immersion in pure water, suggesting that 
it was composed of buffer salts, which are soluble in water, rather than latex particles. 
The rate of change of resonant frequency during the particle rebinding process was lower 
(% —%Hzmin~^) than the rate in the previous experiment (% —ld>XiHzmin~^), The 
reason for this is unclear.
• After the second wash with THF, the resonant frequency increased but did not return 
to its value before the particle rebinding and immunoassay. However, after a second 
THF wash the frequency was in fact higher than this initial value, and after a  wash in 
water the frequency was higher still. This points to a number of possibilities: a) the 
initial wash with THF did not remove all the particles first time; b) as with (a) but for 
the second THF wash (after the rebinding and immunoassay); c) the THF is removing 
material other than latex particles from the surface. AFM imaging of a used crystal 
surface with a latex-imprinted CA membrane (see section 5.6) seems to support this. 
The fact that the frequency further increased after a wash in water supports the idea 
that buffer salts had been deposited on the crystal surface, and had been dissolved by 
the water.
5.8 C ontrol E xperim ents
Control experiments were carried out using crystals coated with a non-imprinted 5% (w/v) 
CA membrane (no particles). Figmn 5.23 shows a resonant frequency trace for a crystal spin- 
coated with a 1% (v/v) solution of Tween-20 in PBS followed by a 5% (w/v) CA membrane, 
as in sample 4 in Table (5.2) (labelled sample 5). The resonant frequency was measured 
in real time while immersing the crystal in solutions of CRP antigen, buffer and anti-CRP 
conjugated particle suspension, as in the previous experiments.
Figure 5.24 shows a comparison of the resonant frequency measurements from the im­
printed membrane (sample A) and the non-imprinted membrane (sample 5, the control). We 
can see tha t both signals undergo a huge increase when first immersed in CRP solution. How­
ever, the QCMs were dried with nitrogen gas after the first immunoassay and THF wash, and 
the crystals behaved as expected thereafter, with the frequency decreasing upon immersion 
in a liquid. All subsequent changes are less dramatic, and the frequency does not return to its 
original value at the end of the experimental run. We see large fluctuations in the signal for 
the imprinted QCM during the first immunoassay stage, which are not seen in the control test. 
This is due to height adjustment of the beaker, causing a change in depth of immersion and 
hence frequency, as commented on previously. During the particle rebinding process, we see 
a decrease in frequency which is more pronounced in the imprinted QCM signal than in the 
control (% —9Hzmin~^ as compared to % —lAHz7nin~^). In both cases the frequency does 
not recover its value after washing in PBS. Using equation 5.1, the equivalent mass increases 
are Sngmin~^ for sample A (imprinted) and 1.2ngmin~^ for sample 5 (non-imprinted). This 
difference is encouraging, since assuming other factors such as non-selective binding, depo­
sition of buffer salts and membrane swelling are comparable in both samples, the difference 
must be due to selective rebinding of particles to the imprinted membrane. However, more
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tests need to be carried out to confirm this result and to verify that these assumptions are 
justified. The relevant section of the plot in figure 5.24 is shown in more detail in figure 5.25.
5.9 A F M  im aging o f crysta l before and after T H F  w ashing  
and particle rebinding
An attem pt was made to observe specific and non-specific rebinding of the particles to the 
CA membrane by AFM imaging, using a QCM coated with a CA membrane imprinted with 
0.2//m immunised latex particles. The crystal was prepared in exactly the same way as sample 
1 in Table 5.2 and sample A in the above experiment. However, unlike the crystals used for 
the frequency measurements, it was not mounted in a holder. Images were taken of the crystal 
in its initial state after surface preparation. The crystal was then immersed in THF for 5 
minutes, dried and imaged again. Next, the crystal was placed in a sealed test tube with 
5ml particle solution and agitated in a shaker on a slow speed for 5 minutes, then removed 
and washed in PBS solution for a further 5 minutes. A final AFM image was taken after the 
crystal had been removed and dried. The images are shown in figure 5.26.
From image C it is clear that a large amount of particle rebinding has taken place. Once 
again though, it was not possible to re-image the exact area after each treatment process, so
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Figure 5.23: Resonant frequency versus elapsed time for QCM spin-coated with 1% (v/v) 
Tween (20) solution and 5% (w/v) CA membrane (control test 1, sample 5). The crystal 
was immersed in CRP antigen followed by immunised particles, washing with THF and then 
further exposure to particle solution, CRP antigen and more immunised particles. Finally 
the crystal was washed in pure water, dried and then washed with THF.
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Figure 5.24: Comparing resonant frequency plots for imprinted (sample A) and non-imprinted 
(sample 5) QCMs.
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Figure 5.25: Comparing resonant frequency of imprinted and non-imprinted QCMs during 
particle rebinding process and subsequent washing (enlarged section of figure 5.24).
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Figure 5.26: AFM images of QCM without holder, with CA membrane imprinted with 0.2/im 
immunised latex particles. A: initial condition; B: after washing with THF; C: after exposure 
to particle solution and washing in PBS. The scale is 5//m.
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the extent of non-specific as compared to specific rebinding is not easy to measure. However, 
comparing images A and C strongly suggests that the particles tha t can be seen in image 
C are non-specifically bound. Although this is discouraging, it should be noted that the 
crystals were not treated in precisely the same way as those used in the resonant frequency 
measurements: those crystals were exposed to the particle solution in a vertical orientation, 
and for a longer period with a greater degree of agitation. The same also applies to the 
washing procedures with THF and PBS. Finally, it is not clear what effect the crystal holders 
(which were absent from this particular crystal) may have had on the adhesion and uniformity 
of the CA membrane. In future work, it would be highly advantageous to create a visible 
structure on the sensing surface so tha t the same region could be re-imaged, which should 
yield more conclusive evidence as to whether or not particles had rebound specifically or non- 
specifically. In the case of laser biosensors, the sensing surface is much smaller, and regions on 
the sensor surface are more easily identifiable due to small identifying features incorporated 
during processing.
5.10 Sum m ary
The aim of the work described in this chapter was to create a biologically active resueable 
surface using the simple technique of embedding antibody-conjugated latex particles in a 
polymer membrane. The reuseability was intended to arise from selectively dissolving the la­
tex particles from the cellulose acetate membrane, leaving imprints into which new particles 
could adsorb.
Adding surfactants to the particle solution was found to produce a dense but evenly dis­
tributed layer of latex particles on the sensor surface. However, fluorescent microscopy and 
AFM imaging of the surface before and after washing with THF and then fresh particle so­
lution seemed to show a large amount of non-specific rebinding, i.e. particles loosely and 
randomly attached to the surface, rather than in any indentations left behind by the previous 
particles. SEM imaging also showed that the membrane was not continuous, which may have 
been due to the high density of particles on the surface, and the surfactant used to disperse 
the particles, preventing proper adhesion of the membrane.
Resonant frequency measurements on a quartz crystal microbalance prepared with a layer of 
antibody-conjugated particles embedded in a cellulose acetate membrane suggested tha t the 
antibody-antigen reaction was not taking place. Any observed increases in surface mass were 
reversible upon washing, and were attributed to non-specific binding and deposition of buffer 
salts. However, when comparing an imprinted surface and a non-imprinted surface (control) 
during immersion of the crystals in a solution of latex particles, an increase in surface mass is 
observed in the imprinted membrane, but not in the control. This suggests that some specific 
rebinding of particles to the imprinted membrane has taken place. More work is needed to 
confirm this, and to optimise the conditions for bioactivity of the surface, and rebinding of 
the particles to the imprinted membrane.
Chapter 6
Conclusions and Future Work
6.1 C onclusions
The work presented here represents the first step towards developing biosensor chips by mod­
ifying commercially available semiconductor lasers.
In chapter 2, simulations were carried out to investigate how various types of modifica­
tion to the structure of a standard laser chip could affect sensor performance. Initially, the 
laser waveguide was modelled as a two-dimensional slab with three layers: a substrate, a 
waveguide layer and a cladding, plus a thin “test” layer on the surface representing a layer 
of biomolecules. The sensitivity was found by calculating the change in effective index with 
respect to the refractive index of the test layer (the sensitivity with respect to thickness of 
the test layer at a fixed refractive index was also calculated). The model was then developed 
further, to include a ridge structiue that provided lateral index guiding, which resembles more 
closely the cross-section of a real semiconductor laser. In this three-dimensional model, the 
test layer was replaced by a semi-infinite cover layer, to reflect the experimental procedure 
used in chapter 3, where the sample on the surface of the chip was a polymer layer many times 
thicker than the evanescent field penetration depth. Sensitivity in this case was calculated as 
the change in effective index with respect to the cover index. Sensitivity of a waveguide-type 
sensor is directly proportional to the fraction of the total optical power contained in the test 
layer or cover medium, so the goal was to maximise this while retaining sufficient power in 
the active region for the lasing process to be maintained.
Structural parameters of the waveguide were then varied to investigate their impact on 
sensitivity. In the two-dimensional model, three parameters were varied: the refractive in­
dex of the waveguide layer, and hence the index step between the waveguide layer and the 
cladding and substrate layers; the thickness of the cladding layer; and the position and thick­
ness of an extra high index layer that was added to the model and located within the cladding 
layer, for the purposes of “stretching” the mode. Lowering the refractive index of the waveg­
uide layer resulted in the mode being less tightly confined in the waveguide layer and hence 
a stronger evanescent field, thereby increasing sensitivity. Reducing the thickness of the 
cladding layer dramatically increased sensitivity by bringing the test layer closer to the waveg­
uide layer. Since the evanescent field decays exponentially with distance from the waveguide 
layer-cladding layer interface, this resulted in an exponential increase in sensitivity. Adding 
the mode stretching layer also increased the sensitivity of the waveguide, and had the strongest 
effect when the layer was positioned midway between the waveguide and test layers. This
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layer had the desired effect of stretching the mode in the y direction by providing a second 
region in which the mode can propagate. This results in a stronger evanescent field in the test 
layer. The most effective method of improving the sensitivity was thinning the cladding layer. 
However, complete removal of the cladding layer would be impracticable in a real laser, since 
a p-cladding layer is required for carrier injection and for optical and carrier confinement. 
The effect on laser perfomance of thinning the cladding layer was investigated by calculating 
the confinement factor as a function of cladding layer thickness, and it was found that the 
confinement factor was at a maximum when the cladding layer thickness was 0.15/^m. A 
three layer structure with an index step of 0.23 and a cladding layer thickness of 0.15jum was 
therefore taken to be the optimum structure, based on these results.
In the three-dimensional model, the central ridge was preserved, and “windows” were placed 
either side of it. The structural parameters varied were the window depth, the window width 
and the ridge width. As the window depth increases, sensitivity increases, reaching a max­
imum when the cladding tliickness is between 0.05/im and 0.25/Lim, depending on the ridge 
width. When the window depth is reduced further, such that the upper cladding layer is 
entirely removed and the window cuts into the waveguide layer, sensitivity drops again. This 
behaviour can be explained by the mode becoming more tightly confined beneath the ridge 
as the window depth is increased below the level of the waveguide-cladding interface. This 
effect counteracts the effect of moving the cover medium closer to the central intensity peak of 
the mode, as was found in the two-dimensional modelling. Increasing the window depth also 
increases the confinement factor in this way. Reducing the ridge width increases sensitivity 
because more of the mode leaks into the cover medium when the ridge is thin, however the 
confinement factor is reduced for a thinner ridge. Finally, increasing the window width has 
very little effect on the sensitivity or confinement factor for widths above 5//m. Based on 
these results, a ridge waveguide structure with a 2jj,m wide ridge, a cladding layer thickness 
of 0.15/Am and a window width of 30/im is taken to be the optimum sensor structure, and 
has a sensitivity of 3.1 x 10““^.
These results were then tested experimentally, as described in chapter 3. A Fabry-Perot 
laser chip was modified using focussed ion beam (FIB) milling, to create two rectangular 
sensing regions, one on either side of the ridge. The free spectral range (FSR) of this device 
was then measured before and after applying a film of cellulose acetate to the surface, with 
the base temperature and injection current held at a constant 20°C and 20mA respectively. 
This experiment was repeated several times, and a reproducible shift in the FSR was observed 
when the polymer layer was applied. Based on the observed FSR shift when the polymer layer 
was applied to the sensing surface, the sensitivity of the device was calculated as 1,5 x 10“ ,^ 
and the detection limit was calculated as 0.15. Although this is significantly larger than 
that achieved by commercial biosensors, it was shown that using DFB lasers in a heterodyne 
configuration could improve the detection limit by several orders of magnitude, such that a 
refractive index shift of 1 x 10~® should be easily detectable. The rate of change of FSR 
with current at a fixed base temperature was also investigated. Below threshold, the FSR 
increases with current due to the increasing carrier density. However, above threshold the 
carrier density is pinned and the FSR begins to decrease as the current is increased further, 
suggesting that self-heating is the dominant effect above threshold. This measurement was 
made at three base temperatures: 20°C, 25°C and 30°C. At a fixed current of 20mA, the 
rate of change of effective index with base temperature was calculated as 6.1 x 10“^°C~^, and 
the rate of change of effective index with current below threshold at a fixed base temperature 
of 20°C was —7.7 x lD“ '^mA.~ .^ From these results it was calculated that a current shift of
 ^
0.6mA, or a base temperature shift of 1°C would have been required to produce the observed 
shift in FSR when the polymer layer was applied to the modified chip. In this experiment, 
the current and temperature were carefully controlled to minimise current and temperature 
fluctuations, but this shows that in a portable sensor, the heterodyne DFB laser technique 
would be highly advantageous in helping to eliminate noise caused by these effects.
In chapter 4, the refractive indices of thin films of four different polymers were measured 
by ellipsometry. If the refractive index of a polymer film is known, then a layer of the 
polymer can be used as a standard test layer in a laser biosensor, and the sensitivity of the 
sensor can then be characterised. However, although the refractive indices of polymer films 
are well known in the visible and mid-infrared wavelength ranges, there seems to be little 
published data in the wavelength range relevant to the lasers used in this work, i.e. 1500- 
1600nm. Ellipsometry measurements were made on PMMA, PVC, PVA and cellulose acetate 
films, and their refractive indices at A =  1560nm were found to be 1.40, 1.53, 1.54 and 1.43 
respectively. The measured refractive indices at A — 589nm were compared to published 
values, and there was found to be some discrepancy. This is probably due to absorption of 
water from the atmosphere, and the non-equilibrium orientations of polymer molecules in 
spin-cast films.
Finally, an investigation of a novel method of preparing biologically active surfaces for 
biosensors was described in chapter 5. The technique involves embedding latex microspheres 
conjugated with antibodies into a polymer membrane to create a surface to which antigens 
can bind. In addition, the membrane may be made reuseable by selectively dissolving the 
latex particles, while leaving the membrane intact, and rebinding fresh latex particles into the 
imprints left behind by the dissolved particles. The quartz crystal microbalance (QCM) was 
chosen as a test platform for the latex-imprinted polymer membrane, as it is a well-established 
and highly sensitive surface mass sensor. However, the membrane would also be suitable for 
optical biosensors. To maximise the efficiency of the sensor, the distribution of the particles 
on the surface must be optimised, and it was found that adding a surfactant (Tween20) to 
a solution of particles and spin-coating the solution on to the surface of the QCM resulted 
in a high number density of well-dispersed particles. A solution of cellulose acetate was then 
spin-coated over the layer of particles to form a membrane in which the particles would be 
embedded. However, SEM and AFM imaging showed that in some cases the membrane was 
not continuous. This was attributed to the high number density of particles and the surfactant 
preventing the membrane from adhering to the QCM surface properly. To overcome this, a 
more concentrated solution of cellulose acetate was used to create a thicker membrane. To 
test the biological activity of the surface, QCMs were prepared with anti-CRP antibody- 
conjugated particles embedded in cellulose acetate membrane. The resonant frequencies of 
the crystals were measured while they were immersed in a solution of the antigen CRP, which 
specifically binds to the antibody, and then in a solution of antibody-conjugated particles, 
in a procedure known as a latex-enhanced sandwich immunoassay. An increase in mass 
was observed during the immunoassay process, but this was reversed when the crystals were 
washed in pure water, suggesting that the mass increase was due to loosely bound antigen 
and particles, and buffer salts deposited on the surface. The crystals were then immersed 
in THF to selectively dissolve the latex particles while leaving the membrane intact, and 
then immersed in a solution of fresh particles to allow particle rebinding to take place. A 
small increase in mass was observed over a long period of immersion in particle solution for a 
crystal with an imprinted membrane immersed in particle solution. This was also observed in 
a control crystal with a non-imprinted membrane, but to a lesser extent, suggesting that some
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specific rebinding of latex particles into the imprints had taken place. AFM imaging of the 
crystal surface suggests that a large amount of non-specific rebinding had also taken place, 
but the greater increase in mass observed on the imprinted surface compared to the control 
is encouraging. Further research is needed to confirm this result, to optimise the conditions 
for particle rebinding, and to improve the biological activity of the embedded latex particles.
6.2 Future W ork
This work represents the first steps towards the development of a miniature semiconductor 
laser biosensor. This project could be developed further in a variety of ways:
• The modified semiconductor laser used in the experimental chapter showed a certain 
sensitivity to refractive index changes at the sensing surface, based on a refractive index 
difference of 0.43 between air and a layer of cellulose acetate. The sensor response now 
needs to be characterised more fully, by measuring the shift in free spectral range when 
a variety of different samples with known refractive indices are applied to the surface. 
The polymers characterised in chapter 4 would be a suitable starting point.
A more reliable method of applying the sample to the laser surface is required in order to 
improve the reproducibility of the sensing effect. Eventually, this may involve designing 
a flow cell or a microfiuidic system to incorporate into the surface of the chip. However, 
an intermediate step could be to use the Focussed Ion Beam instrument that was used 
to  mill the sensing regions of the device. The FIB can be used to deposit material on to 
samples, as well as remove it, so it could therefore be used to deposit a dielectric material 
with a known refractive index on to the laser surface in a very precisely controlled 
manner.
• As was shown in the chapter 3, current and temperature fluctuations can cause noise 
in the laser signal, so it would be highly advantageous to build a sensor chip based 
on measuring the heterodyne signal between two DFB lasers. Twin lasers mounted on 
the same chip will be subject to the same base temperature fluctuations and current 
fluctuations, if biased by the same current source. Therefore measuring the heterodyne 
signal from the two lasers should help to cancel out noise caused by such fluctuations. 
It was also shown that this approach could significantly improve sensitivity.
Once the reliability and sensitivity of the sensor has been improved, multiple sensor 
chips modified with different types of biological material could be used to develop an 
array for multiple analyte detection.
• A variety of other ways of using lasers as miniature biosensors may be investigated. An 
interesting technique is to create photonic bandgap regions in a laser by patterning the 
laser material with small holes. This will result in wavelength selectivity as a function 
of the index of the intervening medium inside the holes. The device may be fabricated 
on a laser chip or wafer using FIB, and wavelength measurements as a function of 
sample refractive index could be performed. Another possibility is to develop a sensor 
based on a microdisk resonator structure on the surface of a laser chip. The microdisk 
would act in place of a planar waveguide, w ith whispering-gallery modes interacting 
with surrounding material via the evanescent field. These modes can be out-coupled to 
a detector via ridge waveguides.
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• The experiments on latex-imprinted polymer membranes need to be repeated with 
the aim of establishing the biological activity of the surface. Experiments with non­
compatible antigens and non-conjugated beads could also be carried out as control 
tests, to establish the extent of non-specific binding. These experiments, which do not 
involve exposing the surface to THF, would also help to establish whether THF attacks 
the membrane, by comparing these results to those already obtained. An alternative 
approach to creating the latex-imprinted polymer could also be used: one possibility 
is to deposit the membrane first, then spin-coat the particle suspension over the mem­
brane, then expose the membrane to solvent vapour, causing it to swell and embed 
the particles. This avoids covering the particles with the membrane, and may help to 
preserve the biological activity of the antibodies.
• The problem of imaging the same area on the crystal surface will need to be resolved. 
One solution may be to devise a setup where the crystal can be imaged in situ, for 
example keeping the crystal under a microscope while the various liquids are flowed 
over it. If the latex-imprinted membrane is used with a laser-based sensor chip, small 
identifying structures could be added to the device during processing.
Once a reliable biosensor surface has been demonstrated, latex-imprinted membranes 
can be applied to the laser biosensors being developed in this project. For this purpose 
it is important to characterise the optical properties of the membranes. Refractive 
index measurements could be made using ellipsometry, and the membranes could also 
be applied to the waveguide chips of a Farfield Analite Bio200 DPI system, to determine 
the optical response of the surface during a bioanalytical procedure.
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